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THE  PROBLEM 

To  prepare  an  up-to-date  authoritative  review  article  to  cover  the  rapidly 
expanding  field  of  diving  and  pressure  physiology. 


FINDINGS 
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as  Chapter  51,  title  -  "Circulatory  Adaptation  to  the  Requirements  of  Life  Under 
More  Than  One  Atmosphere  of  Pressure."  The  chapter  includes:  Cardiovascu¬ 
lar  and  respiratory  functions  and  adaptations  in  skin  diving;  Hazards  of  skin 
diving  and  related  adaptive  changes ;  Carbon  dixoide  intoxication  and  adaptation 
in  diving;  Anoxia;  Oxygen  toxicity;  Nitrogen  narcosis ;  Air  embolism,  and  De¬ 
compression  sickness . 


APPLICATIONS 

This  article  provides  background  information  for  researchers  in  diving 
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officers  under  instruction  in  the  School  of  Submarine  Medicine  at  the  Submarine 
Medical  Center. 
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t.IFE  I'NDER  MORE  THAN  I  ATM  PRESSURE  is  confined  tO 
the  dense  and  wet  environment  of  diving  and  to 
caisson  operations.  It  always  has  been  a  challenge  for 
man  to  explore  the  depths  of  the  ocean,  and  the  secrets 
of  the  deep  fascinate  his  fancy. 

Good  accounts  of  the  history  of  diving  have  been 
given  by  Davis  (75),  Larson  (159)  and  Stelzner  (239). 
Classic  Greek  and  Roman  literature  contain  refer¬ 
ences  to  diving  and  breathing-tube  appliances. 

Leonardo  da  Vinci  (74)  (ca.  1500)  made  sketches 
of  a  variety  of  diving  appliances  ranging  from  breath¬ 
ing  tubes  to  full  diving  dress.  However,  he  did  not  re¬ 
veal  designs  of  submarines  “by  means  of  which  many 
people  may  stay  some  time  under  water”  because  of 
the  “evil  nature  of  man  who  would  use  it  as  means  of 
destruction  to  sink  ships  with  the  men  in  them.”  In 
1819,  Augustus  Siebe  developed  a  diving  suit  and 
helmet  which  made  diving  operations  practical.  With 
subsequent  improvement  Siebe’s  type  of  diving  suit 
is  still  in  use  today  as  standard  equipment. 

The  classic  studies  of  Paul  Bert  (43)  on  the  effect  of 
high  and  low  pressures  laid  the  foundation  of  our 
knowledge  in  this  field.  Haldane’s  ( 1  to)  work  led  to 
the  development  of  the  stage  decompression  system 
which  gave  the  diver  satisfactory  protection  against 
decompression  sickness.  A  classic  description  ol  the 
latter  has  been  given  by  Heller  el  al.  (116).  Further 
pioneer  work  in  the  field  of  diving  physiology  was 
carried  out  by  Irving  (132)  and  Scholander  (223)  who 
contributed  greatly  to  the  understanding  of  adapta- 
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tion  in  diving  animals.  August  Krogh  (144)  wrote  a 
remarkable  monograph.  The  Comparative  Physiology' oj 
Respiratory  Mechanisms ,  in  which  details  of  breathing 
apparatuses  of  diving  animals  are  discussed. 

There  are  some  interesting  “living  prototypes”  of 
diving  appliances.  For  example,  the  whip-tailed. larva 
( Ertstalis )  has  a  breathing  tube  consisting  of  a  re- 
tractible  outer  sheath  and  air  pipes  within  which  do 
not  stretch  but  maintain  their  cylindrical  form;  how¬ 
ever,  these  air  pipes  can  be  coiled  inside  the  body  of 
the  animal.  The  water  spider  has  a  perfect  diving  bell 
in  which  to  breathe  and  keep  dry  under  water  which 
appears  to  be  a  true  respiratory  apparatus.  The  excess 
of  carbon  dioxide  is  dissolved  in  the  water  which  gives 
up  oxygen;  this  gas  exchange  allows  the  spider  to  re¬ 
main  in  the' diving  bell  for  weeks  at  a  time. 

The  literature  on  high-pressure  effects  comprises  a 
vast  number  of  clinical  and  experimental  studies. 
About  7,000  references  are  listed  in  the  two  volumes  of 
the  Bibliographical  Source  Book  of  Compressed  Air,  Diving 
and  Submarine  Medicine,  edited  by  Hoff  and  Greenbaum 
(125,  126). 

Very  few  studies  deal  with  problems  of  adaptation. 
The  task  of  writing  about  circulatory  adaptation  to 
life  under  more  than  one  atm  is  further  complicated 
by  the  fact  that  high  pressure  per  se  has  no  demon¬ 
strable  direct  physiological  effects,  at  least  in  the 
ranges  to  which  man  is  exposed.  Therefore,  it  is  possi¬ 
ble  only  to  discuss  the  individual  factors  of  the  high- 
pressure  environment  which  are  known  to  have  dis¬ 
tinct  physiological  effects,  and  to  present  evidence,  if 
any,  of  adaptive  reactions.  The  reader  is  also  referred 
to  recent  papers  by  Pappenheimer  (190),  Gauer  (97), 
and  Gregg  (tog)  that  review  effects  of  various  acute 
and  chronic  environmental  changes  on  capillary  ex¬ 
change  and  on  homeostasis  of  extra:arterial  and  arte¬ 
rial  circulation.  Some  of  the  factors  discussed,  such  as 
increased  CO2  and  low  02  play  a  role  under  condi¬ 
tions  of  life  at  increased  pressure. 

PHYSIOLOGICAL  CHANGES  UNDER  CONDITIONS 
OF  SWIMMING  AND  DIVING 

If  the  body  is  submerged  .with  the  head  above  water, 
small  negative  pressures  of  about  20  cm  H2O  develop 
in  the  lungs  since  the  rest  of  the  body  is  exposed  to  a 
higher  pressure.  In  today’s  popular  sport  of  spear 
fishing,  snorkels  are  used  and  higher  negative  pressure 
occurs  in  the  lungs  depending  on  the  depth  of  the 
water.  One  can  still  breathe  through  a  rigid  tube  when 
submerged  in  150  cm  of  water  {167).  The  Viennese 


physiologist,  R.  Stigler,  reached  depths  of  192  cm 
and  200  cm  of  water,  testing  the  strength  of  the  in¬ 
spiratory  muscles.  As  a  result  of  this  experiment,  he 
contracted  a  heart  dilatation  and  had  to  be  hospital¬ 
ized  for  3  weeks  (240).  Water  pressure  at  a  depth  of 
150  cm  corresponds  to  a  negative  pressure  of  1 12  mm 
Hg  in  the  lungs.  At  200  cm  of  depth  the  extrathoracic 
overpressure  reaches  the  level  of  the  aortic  pressure, 
148  mm  Hg. 

Negative-pressure  breathing  at  —20  to  —30  cm 
H20  simulates,  to  a  certain  extent,  conditions  of 
swimming  and  snorkeling.  Cardiovascular  responses 
during  negative-pressure  breathing  at  —30  cm  of 
water  showed  in  man  a  small  fall  of  about  8  mm  Hg  in 
both  systolic  and  diastolic  blood  pressure  (78).  Ting 
et  al.  (243)  did  not  observe  any  changes  in  blood 
pressure  and  heart  rate  under  these  conditions.  Finger 
plethysmographic  measurements  indicated  periph¬ 
eral  venous  constriction  (243),  which  is  in  agreement 
with  findings  of  DeLalla  (77)  and  Fenn  &  Chadwick 
(94)  who  reported  a  decrease  in  peripheral  blood  flow 
during  negative-pressure  breathing.  Furthermore,  it 
has  been  established  that  the  central  venous  pressure 
decreases  under  these  conditions  (98,  127).  Gauer  et 
al.  (98)  also  showed  that  the  circulatory  changes  ob¬ 
served  during  negative-pressure  breathing  are  part  of 
a  regulation  involved  in  maintaining  the  homeostasis 
of  the  extra-arterial  circulation.  The  main  feature  of 
this  volume  regulatory  mechanism  is  an  increase  in 
the  filling  of  the  intrathor&cic  circulation  associated 
with  a  decrease  in  the  filling  of  the  extrathoracic 
circulation  resulting  in  a  water  diuresis.  This  has  been 
found  in  dogs  (98)  and  in  man  (232).  Immersion  of 
the  trunk  in  a  warm  bath  produces  similar  effects 
(17).  These  findings  have  been  interpreted  as  evidence 
for  intrathoracic  volume  receptors  which  initiate  in¬ 
creases  in  the  rate  of  urine  flow  with  expansion  in 
thoracic  blood  volume  (97). 

Water  diuresis  is  one  of  the  more  common  observa¬ 
tions  made  on  instructors  at  the  Escape  Training 
Tank,  U.  S.  Naval  Submarine  Base  New  London,' 
Groton,  Conn.  (49).  These  instructors  carry  out  re¬ 
peated  dives  usually  down  to  50  feet  and  sometimes 
deeper. 

Investigations  of  a  typical  diving  animal,  the  seal, 
showed  that  it  will  tolerate  continuous  negative-pres¬ 
sure  breathing  for  periods  up  to  one  hour  without  an 
increase  in  urine  flow.  This  observation  suggests  that 
the  seal  may  have  some  adaptive  mechanism  which 
prevents  shifting  of  blood  into  the  thorax  (183).  Possi¬ 
bly  the  inferior  vena  caval  valve  of  the  seal  may  pre¬ 
sent  such  an  adaptive  mechanism. 
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ANATOMICAL  AND  PHYSIOLOGICAL 
adaptation  of  diving  ANIMALS 

The  adaptations  which  permit  diving  animals  to 
hold  their  breath  during  prolonged  submergence  are 
of  interest  for  an  understanding  of  human  responses 
during  skin,  diving  (diving  without  additional  air 
supply).  Land  mammals  in  general  are  able  to  hold 
their  breath  for  about  i  min  whereas  sponge  divers 
can  do  so  for  up  to  2  min.  Muskrats  can  dive  for  about 
12  min  and  beavers  for  about  15  min  (124).  Whales 
and  seals  are  known  to  stay  under  water  at  great 
depths  for  a  much  longer  time.  According  to  Irving 
(132),  the  sperm  whale  has  been  observed  to  reach 
depths  of  goo  m  and  to  remain  there  for  1  to  2  hours. 
They  return  directly  to  the  surface  without  develop¬ 
ing  decompression  sickness.  This  is  made  possible  by 
respiratory  and  circulatory  adaptations  which  were 
investigated  by  Irving  (132)  and  Scholander  (223). 
Scholander  pointed  out  that  diving  animals,  seals 
and  whales,  have  small  lungs  with  a  large  dead  space 
made  up  by  the  trachea  and  bronchi.  In  these  animals 
the  dead  space  holds  one-tenth  of  the  lung  volume 
while  this  ratio  is  only  one-fortieth  in  humans.  At  a 
depth  of  100  m  all  the  air  will  be  in  the  dead  space 
and  no  diffusion  of  nitrogen  or  oxygen  will  take 
place.  Nitrogen  uptake  in  the  tissues  would  be  zero 
in  this  case.  Nitrogen  invasion  into  the  tissues  is 
further  reduced  by  additional  adaptive  mechanisms. 
Pugh  (198)  has  drawn  attention  to  the  fact  that  seal's 
and  whales  have  special  air  sinuses  into  which  some  of 
the  residual  air  of  the  lungs  is  squeezed.  Since  seals 
also  exhale  before  they  dive,  very  little  air  is  left  in  the 
lungs  which  under  pressure  become  virtually  solid 
organs. 

The  circulatory  adjustments  in  diving  consist 
primarily  of  an  extreme  slowing  of  the  heart  rate 
which  has  been  observed  in  all  diving  and  nondiving 
animals  studied  so  far.  Scholander  found,  during  the 
dive  of  a  seal,  a  reduction  in  heart  rate  from  120  to  10 
(223).  Slowing  of  the  blood  flow  during  diving  fur¬ 
ther  decreases  the  diffusion  of  nitrogen  and  oxygen 
into  the  tissues  and  so  operates  as  to  reduce  metabo¬ 
lism  during  diving.  Diving  bradycardia  develops 
gradually  in .  most  animals,  but  occurs  immediately 
after  submersion  in  the  seal  (223).  It  does  not  appear 
to  be  a  simple  baroceptor  reflex  since  it  can  be  initi¬ 
ated  by  clapping  the  hands  (224).  Irving  (133)  re¬ 
ported  that  the  seal  can  extend  its  resources  of  oxygen 
for  longer  periods  of  time  when  the  bradycardia  de¬ 
velops  earlier  which,  seems  to  indicate  that  the 
reduction  in  oxygen  consumption  during  the  dive  is  at 


least  initially  dependent  upon  the  rapidity  with  which 
the  bradycardia  develops.  ECG  tracings  obtained  in 
the  American  alligator  during  diving  (4)  showed  that 
prolongation  of  both  systole  (50  percent)  and  diastole 
(87  per  cent)  are-  involved  in  the  development  of 
diving  bradycardia.  In  spite  of  the  greatly  reduced 
heart  rate,  systolic  blood  pressure  was  found  to  be 
maintained  or  increased  during  dives  in  the  muskrat, 
duck  (136),  seal  (134),  and  alligator  (4).  Furthermore, 
the  systolic  blood  pressure  rises  during  the  slow  heart 
beats  which  show  an  approximately  normal  time  se¬ 
quence;  this  is  associated  with  a  significantly  pro¬ 
longed  diastolic  fall  in  blood  pressure.  These  findings 
have  been  interpreted  as  an  additional  circulatory 
adjustment  through  which  the  arterial  blood  is  slowly 
distributed  into  a  constricted  peripheral  circulation. 
Oxygen  stores  of  diving  animals  are,  in  many  cases, 
greater  than  those  of  land  mammals.  The  blood  of  the 
seal,  for  example,  has  a  higher  oxygen  capacity  due  to 
an  increased  proportion  of  red  cells,  in  addition  to  a 
higher  oxygen  capacity  of  the  erythrocytes  them¬ 
selves.  The  myoglobin  of  seal  muscles  also  contains 
a  larger  amount  of  oxygen.  However,  increased  oxy¬ 
gen  stores  would  not  be  sufficient  to  account  for  the. 
prolonged  dives  which  obviously  require  far-reaching 
metabolic  and  circulatory  adjustments.  The  latter  in¬ 
volve  a  reduction  in  blood  flow  to  the  muscles.  Cir¬ 
culation  in  the  thighs  of  ducks  was  found  decreased 
during  diving  (136).  Scholander  et  al.  (225)  observed 
that  the  myoglobin  of  seal  muscles  is  completely  re¬ 
duced  after  5  to  to  min  of  a  dive  when  the  arterial 
blood  is  still  half  saturated  (133),  which  indicates 
that  the  muscles  were  not  perfused.  This  conclusion 
is  also  supported  by  the  changes  of  lactic  acid  in  the 
arterial  blood,  which  showed  a  large  rise  after  emer¬ 
gence  from  the  dive  but  not  during  the  dive  (223). 
There  is  evidence  that  blood  perfusion  of  the  mesen¬ 
teries  and  gut  is  also  shut  off  during  a  dive.  Irving  et 
al.  (134)  noted  in  the  seal  a  gradual  diminishing  of 
the  diameter  of  the  smaller  arteries  and  veins  of  the 
mesentery  during  diving  until  they  appeared  blood¬ 
less. 

It  seems,  therefore,  that  available  oxygen  is  con¬ 
served  for  the  tissues  most  sensitive  to  brief  asphyxia, 
the  heart  and  brain.  It  is  well  known  that  carbon  di¬ 
oxide  has  such  an  effect  on  the  circulation,  increasing 
cerebral  blood  flow  while  simultaneously  diminishing 
muscular  circulation.  However,  diving  animals,  such 
as  muskrats,  beavers  and  diving  birds  (ducks),  show 
a  remarkable  insensitivity  to  C02  (131,  188),  Irving 
(130)  noted  that  the  changes  in  cardiac  action  and 
blood  pressure  found  in  the  cat  upon  inhalation  of  10 
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FIG.  I.  Alveolar  pathways  dur¬ 
ing  breath-holding  dives  to  90 
feet  showing  reversed  CO2  gra¬ 
dient.  At  50  feet  PcOj  mixed  ex¬ 
pired  air  is  6  mm  Hg  higher 
than  Pco-  “alveolar  air.”  Surface 
breath-holding  breaking-point  curve 
drawn  for  comparison  with 
diving  breath-holding  curve.  End¬ 
dive  alveolar  PCO2  decreased 
with  increasing  rate  of  ascent, 
reaching  30  mm  Hg  at  3.5  feet 
per  sec.  [From  Schaefer  &  Carey 
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per  cent  CO2  did  not  appear  in  the  muskrat  and 
beaver.  Diving  animals  also  did  not  exhibit  the  re¬ 
duction  in  muscle  blood  flow  which  was  clearly  ex¬ 
pressed  in  the  cat.  Blood  flow  was  measured  with 
thermoconductivity  instruments  in  anesthetized  ani¬ 
mals.  The  beaver  seems,  however,  to  retain  sensitivity 
of  the  cerebral  circulation  to  CCb-  In  diving  animals 
arrest  of  breathing,  produced  by  clamping  of  the 
trachea,  has  a  very  powerful  effect  in  decreasing 
muscular  blood  flow  and  increasing,  cerebral  circula¬ 
tion  (130).  They  are  more  successful  in  encountering 
asphyxial  conditions  than  land  animals  and  seem  to 
accomplish  this  without  utilizing  CO2  as  a  stimulant 
to  initiate  the- circulatory  adjustment  (130). 

Metabolism  studies  were  carried  out  on  diving  ani¬ 
mals  by  comparing  the  pre-  and  postdiving  oxygen 
consumption.  The  oxygen  debt  incurred  during  div¬ 
ing,  calculated  on  the  basis  of  the  predive  oxygen 
consumption,  was  generally  larger  than  the  excess 
oxygen  intake  after  the  dive,  Taking  into  account  the 
anaerobic  and  aerobic  processes  during  diving,  it 
was  concluded  that  the  metabolic  rate  during  diving 
must  have  been  lowered.  This  was  found  in  the  seal 
(->23),  the  duck  (3)  and  the  American  alligator  (4). 

Available  evidence  indicates  that  reduction  in  blood 
flow  to  the  muscles  and  other  tissues  persists  through¬ 


out  the  dive  as  a  general  circulation  adjustment  in 
diving  animals. 

CARDIOVASCULAR  AND  RESPIRATORY  FUNCTIONS 
AND  ADAPTATIONS  IN  SKIN  DIVING 

Schaefer  and  his  associates  (209,  219,  222)  reported 
on  physiological  problems  in  “skin”  diving  (breath- 
hold  dives)  and  compared  the  human  capacity  for 
diving  with  that  of  diving  animals.  Instructors  at  the 
ioo-foot  escape  training  tank,  U.S.  Naval  Submarine 
Base  New  London,  served  as  subjects.  Alveolar  path¬ 
ways  of  02  and  C02  were  studied  by  collecting  alveo¬ 
lar  gas  samples  at  various  depths  during  descent  to  go  . 
feet  and  ascent  to  the  surface.  Due  to  the  increase  in 
pressure  the  CO2  tension  in  the  lungs  rose  quickly 
above  the  venous'  CO2  tension  and  a  reversed 
GO2  gradient  developed  (219,  fig.  1).  At  90  feet,  ap¬ 
proximately  50  per  cent  of  the  predive  CO2  content 
of  the  lungs  had  disappeared  and  was  taken  up  by  the. 
blood  and  tissues.  The  influx  of  carbon  dioxide  into  the 
lungs  during  ascent  appeared  to  be  rather  slow,  and 
it  was  found  possible  to  control  the  alveolar  CO2  level 
by  the  speed  of  ascent.  If  the  ascent  was  fast,  the  alveo¬ 
lar  CO«  level  attained  on  reaching  the  surface  was  low, 
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between  30  and  35  inm  Hg  0O2;  if  the  ascent  was 
slow,  the  alveolar  CO2  tensions  rose  to  40  to  45  1x1111 
Hg  CO2  (fig-  0-  The  alveolar  oxygen  tension  rose 
from  control  levels  of  100  min  Hg  to  300  mm  Hg  at 
a  depth  of  90  feet  and  on  ascent  fell  rapidly  during  the 
last  10  feet  to  such  low  values  as  25  to  30  mm  Hg.  . 

The  disappearance  of  carbon  dioxide  from  the 
lungs  during  dives,  together  with  the  oxygen  utiliza¬ 
tion  and  mechanical  compression  of  the  thorax  as  the 
subject  descends,  produce  a  progressive  shrinkage  of 
the  total  chest  volume  during  descent.  These  factors 
may  explain  the  observations  reported  by  Behnke 
(30)  that  subjects  holding  their  breath  under  water  in¬ 
crease  in  weight  (are  less  buoyant). 

It  is  reassuring  to  know  that  a  diver  at  90  feet  is 
somewhat  protected  inasmuch  as  the  CO>  tension 
does  not  rise  to  dangerous  levels  and  the  oxygen  ten¬ 
sion  is  rather  high.  Under  these  conditions  breath¬ 
holding  time  is  considerably  prolonged  (2,  [20,  209, 
229).  However,  during  the  last  part  of  ascent,  or  just 
at  the  moment  the  diver  reaches  the  surface,  available 
oxygen  may  become  so  depleted  as  to  produce  anoxia. 
The  alveolar  oxygen  falls  to  a  very  low  level  at  the  end 
of- ascent  from  dives  to  90  feet.  We  saw  one  instructor 
become  confused  at  the  moment  he  gave  the  alveolar 
sample  after  reaching  the  surface,  but  he  quickly  re¬ 
covered  after  the  first  breath.  His  alveolar  O2  con¬ 
centration  was  3.5  per  cent.  With  a  very  low  oxygen 
content  and  a  normal  or  below  normal  CCh  con¬ 
centration,  the  nitrogen  content  of  the  alveolar  air  at 
the  end  of  the  dive  is  markedly  increased,  89  per  cent 
compared  with  a  normal  79  per  cent. 

These  findings  can  be  explained  by  the  difference 
in  rate  of  elimination  of  nitrogen  from  that  of  carbon 
dioxide.  Nitrogen,  carbon  dioxide,  and  oxygen  gas 
tensions  in  the  lungs  are  increased  fourfold  at  a  depth 
of  99  feet.  Under  these  circumstances,  nitrogen  as 
well  as  carbon  dioxide  and  oxygen  diffuse  from  the 
lungs  into  the  blood.  Nitrogen  follows  the  law  of 
solubility  of  gases  in  liquids  in  relation  to  partial 
pressure.  In  carbon  dioxide  uptake  of  the  blood  and 
tissues,  three  factors  play  a  role,  namely,  solubility  in 
liquids,  chemical  combination  with  an  alkaline  buffer, 
and  carbon  dioxide  transfer  between  the  plasma  and 
the  cell  system.  The  reservoir,  to  take  up  carbon  di¬ 
oxide  appears  much  larger  than  that  for  nitrogen. 
During  ascent,- which  represents' a  form  of  rapid  de¬ 
compression,  nitrogen  is  rapidly  released  from  a  small 
store  under  high  pressure,  whereas  it  takes  longer  to 
release  carbon  dioxide  from  a  large  store.  On  the  basis 
of  theoretical  calculations,  DuBois  (85)  has  predicted 


such  changes  in  pulmonary  gas  exchange  during 
diving,  and  Bjurstedt  &  Hesser  (46)  confirmed  the 
existence  of  a  reversed  CO2  gradient  during  com¬ 
pression  in  dog  experiments  simulating  skin  dives  to 
40  m.  Recently,  Lanphier  &  Rahn  (158)  investigated 
gas  exchange  during  simulated  breath-hold  dives  in 
man  and  obtained  similar  results. 

Figure  2  shows  measurements  of  blood  gases,  lactic 
acid,  respiration,  and  metabolism  in  a  subject  before 
and  after  a  dive  to  90  feet.  The  carbon  dioxide  con¬ 
tent  of  the  blood  rose  very  slightly  while  the  oxygen  con¬ 
tent  fell  during  the  dive.  The  lactic  acid  content  rose 
from  a  control  value  of  9  mg  per  cent  to  55  mg  per  cent 
1  min  after  the  dive  and  decreased  to  25  mg  per  cent 
within  3  min.  On  more  frequently  collected  venous 
blood  samples,  peak  lactic  acid  concentrations  were 
measured  after  3  min  of  recovery  following  the  dive. 
The  1  min  values  Were  consistently  lower  than  the  3 
min  values.  This  corresponds  with  the  findings  re¬ 
cently  obtained  by  Scholander  et  al.  in  pearl  divers 

(224)- 
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In  a  control  experiment  in  which  one  of  the  pearl 
divers  swam  at  the  surface,  producing  approximately 
the  same  degree  of  work  as  in  diving,  hardly  any 
change  in  blood  lactate  was  found.  This  suggests  that 
the  delayed  but  large  rise  in  lactic  acid  found  during 
the  recovery  phase  after  diving  in  man,  which  is  quite 
similar  to.  that  observed  in  the  seal,  might  also  be  in¬ 
terpreted  as  an  indication  of  reduced  muscle  blood 
flow  during  the  dive.  Scholander  also  noted  a  marked 
diving  bradycardia  during  active  diving.  The  pulse 
rate  is  reduced  to  one-half  of  the  predive  value,  while 
breath  holding  at  the  surface  leads  to  a  much  smaller 
decrease  in  pulse  rate.  Extra  systoles  were  noted  in 
ECG  tracings  during  the  dive,  and  arrhythmias  and 
atrial  fibrillation  during  the  recovery  phase.  Blood- 
pressure  measurements  made  after  breath  holding 
under  water  and  in  air  did  not  show  significant 
changes  in  systolic  and  diastolic  pressures  (224). 

Some  observations  were  made  in  studies  on  skin 
diving  which  have  a  bearing  on  the  question  of  bubble 
formation  in  decompression  sickness.  In  four  experi¬ 
ments,  arterial  and  venous  blood  samples  were  drawn 
before  and  after  the  dive.  It  was  noted  that  the  first  2 
ml  of  arterial  and  venous  blood  drawn  immediately 
after  the  dive  had  a  foamy  appearance;  in  the  follow¬ 
ing  2  ml  the  foam  had  disappeared.  Since  neither  the 
alveolar  carbon  dioxide  nor  the  blood  carbon  dioxide 
was  increased  in  samples  obtained  during  the  first 
30  to  40  sec  and,  because  of  the  quick  release  of  nitro¬ 
gen  from  small  stores  (physical  solution),  it  was  con¬ 
cluded  that  the  foam  on  the  first  2  ml  of  blood  con¬ 
sisted  of  nitrogen.  The  conditions  under  which  this 
“silent”  bubble  formation,  not  leading  to  symptoms, 
occurred  were :  a  decompression  ratio  of  3  to  1 ,  a  rate 
of  ascent  of  3  feet  per  sec,  and  work  during  ascent 
(climbing  up  a  line).  Interpretation  of  these  findings 
as  silent  bubbles  is  in  agreement  with  the  view  of 
Bateman  (16)  that  the  decompression  ratio  at  which 
bubbles  occur  may  be  far  below  the  symptom 
threshold. 

In  some  aspects  adaptation  of  skin  divers  is  similar 
to  that  of  diving. animals.  Skin  divers,  for  example, 
show  an  insensitivity  to  CO2  and  to  low  O2  also.  The 
high  tplerance  to  CO2  is  developed  during  the  diving 
period  and  lost  after  a  3-month  layoff  period  as  shown 
in  CO2  sensitivity  tests  on  eight  tank  instructors  (215). 
Blood  gas  and  electrolyte  changes  observed  at  the  end 
of  a  longer  period  of  water  work  were  similar  to  those 
noted  during  adaptation  to  prolonged  exposure  to 
C.O2  (215).  They  consisted  of  a  decrease  in  pH,  an 
increase  in  Pct)2,  and  bicarbonate  levels  commensu¬ 
rate  with  an  increase  in  hematocrit  and  a  red-cell 


cation  exchange,  e.g.,  increase  in  red-cell  sodium  and 
decrease  in  red-cell  potassium.  These  adaptive 
changes  disappeared  after  a  3-month  layoff  period 
(215).  Furthermore,  evidence  of  an  increase  in  C02 
stores  as  the  result  of  diving  was  obtained  in  instruc¬ 
tors  following  a  2-year  period  of  water  work  when 
compared  with  data  obtained  after  a  3-month  layoff 
period  (83).  Under  the  first  condition,  end-tidal  CO2 
tension  was  significantly  elevated  and  more  C02  was 
eliminated  from  the  body  C02  stores  during  a  1-hour 
period  of  constant  hyperventilation. 

In  respect  to  lung  volumes,  skin  divers  show  a 
unique  form  of  adaptation  not  previously  noted  in 
diving  animals.  Longitudinal  studies  carried  out  on 
instructors  at  the  escape  training  tank,  U.  S.  Naval 
Submarine  Base  New  London,  after  1  year  of  duty 
showed  an  increase  in  vital  capacity,  inspiratory  re¬ 
serve,  tidal  volume,  and  total  lung  capacity  associ¬ 
ated  with  a  decrease  in  residual  volume  (60).  Since  a 
large  tidal  volume,  a  small  respiratory  rate,  and  large 
lung  volumes  were  implicated  in  the  development  of 
a  low  response  to  CO2  (211),  the  adaptive  changes  in 
lung  volumes  of  divers  might  well  contribute  to  their 
reduced  sensitivity  to  C02.  Another  result  of  this 
adaptation  in  lung  volumes  is  the  extension  of  the 
maximum  safe  depth  to  which  the  diver  can  go  (see 
below).  Similar  results  on  lung  volumes  and  respira¬ 
tory  pattern,  correlated  with  lowered  response  to 
carbon  dioxide,  were  obtained  by  Miles  (179)  in  a 
group  of  100  divers,  both  conventional  and  free- 
swimming. 

HAZARDS  OF  DIVING  AND  RELATED 
ADAPTIVE  CHANGES 

In  recent  years  a  great  many  people  have  taken 
up  the  sport  of  skin  diving  to  carry  out  spear  fishing, 
underwater  photography,  and  the  like.  They  may 
wear  face  masks  and  snorkels,  but  their  activity  is. 
limited  by  their  ability  to  hold  their  breath  and  their 
endurance  as  swimmers.  With  the  development  of  the 
aqualung,  an  open-circuit  demand  type  unit,  sport 
diving  has  become  possible  and  depths  of  about  150 
feet  can  be  reached,  depths  to  which  formerly  only 
professional  divers  in  conventional  diving  outfits  were 
able  to  descend.  The  self-contained  underwater 
breathing  apparatus  (scuba)  diver,  who  can  stay 
under  water  for  a  considerable  time,  is  exposed  to 
certain  hazards  which  are  also  common  in  conven¬ 
tional  dives  with  suit  and  helmet,  such  as  barotrauma, 
nitrogen  narcosis,  oxygen  toxicity,  air  embolism,  and 
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decompression  sickness  (156).  These  topics  are  dis¬ 
cussed  separately  below.  The  scuba,  deep-sea,  and  skin 
diver  are  all  subject  to  the  effects  of  unequalized  pres¬ 
sure  differences  across  the  air-cOntaining  structures, 
middle  ears,  sinuses,  lungs,  and  gastrointestinal  tract. 
If  a  swimmer  or  diver  cannot  equalize  pressure  in  the 
middle  ear  during  descent  due  to  a  blockage  of  the 
eustachian  tube,  he  will  experience  pain  and  on 
further  descent  may  rupture  the  eardrum.  If  this 
happens  in  cold  water,  vertigo  and  nausea  result  due 
to  caloric  vestibular  stimulation.  This  is  a  serious 
hazard  since  the  diver  may  become  completely 
disoriented.  If  the  sinuses  do  not  equalize  during 
descent,  trauma  of  the  lining  membrane  with  transu¬ 
dation  and  hemorrhage  can  develop. 

'  The  Thoracic  “Squeeze"’ 

The  skin  diver  who  holds  his  breath  during  descent 
will  begin  to  experience  some  pressure  in  his  chest 
when  he  reaches  a  certain  depth.  The  air  in  his  lungs 
is  more  and  more  compressed  to  a  smaller  volume,  a 
process  which  can  be  compared  with  an  exhalation. 
When  the  total  air  in  the  lungs  is  compressed  to  the 
volume  equal  to  the  residual  lung  volume  plus  the 
volume  of  the  airways,  the  threshold  for  the  thoracic 
•‘squeeze”  is  reached.  Measurements  of  the  ratio  of 
total  lung  capacity  to  residual  volume  in  instructors 
at  the  escape  training  tank  indicated  that  this  thresh¬ 
old  for  these  subjects  was  reached  at  about  85  feet' 
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fig.  3.  Depth-time  curve  for  buoyant  ascent  (submarine 
escape).  [From  DuBois  ft  at.  (86). j 


(215).  However,  such  a  number  for  maximal  depth 
cannot  be  generalized  since  lung  volumes  differ 
greatly  among  individuals.  If  the  diver  descends  be¬ 
yond  this  point,  thoracic  squeeze  may  develop  with 
pulmonary  edema  and  hemorrhage.  The.  squeezing 
force  is  a  pressure  differential  between  the  blood  and 
extracellular  fluid  on  the  one  hand  and  the  tissue  of 
air-containing  space  on  the  other.  Cases  of  thoracic 
squeeze  encountered  in  skin  diving  are  usually  not 
severe.  Adaptive  changes  in  the  lung  volumes,  noted 
in  the  tank  instructors  after  1  year  of  duty,  produced 
an  increase  in  the  ratio  of  total  lung  capacity  to 
residual  volume  plus  volume  of  airways,  resulting  in 
an  extension  of  the  threshold  for  the  thoracic  squeeze 
from  85  feet  to  105  feet  (215). 


CARBON  DIOXIDE  INTOXICATION  AND 
ADAPTATION  IN  D1VINC 

Skin  Diving 

During  skin  diving  CO>  intoxication  is  less  likely, 
to  occur  than  in  scuba  diving.  The  studies  of  the 
alveolar  pathways  during  dives  to  go  feet,  mentioned 
above,  demonstrated  that  carbon  dioxide  is.  taken  up 
by  the  tissues  in  a  kind  of  pressure  filling  and  that  the 
levels  of  alveolar  and  blood  COj  are  rather  low 
throughout  the  dive  and  can  easily  be  controlled  with 
the  speed  of  ascent.  A  lowered  sensitivity  to  CO2  was 
established  in  skin  divers  as  part  of  regular  adapta¬ 
tion  (215)  enabling  the  diver  to  stay  longer  under 
water.  However,  this  advantage  might  be  compen¬ 
sated  by  the  increased  danger  of  hypoxia  during  the 
last  part  of  ascent  following  a  prolonged  dive. 

Submarine  Escape  ( Free  and  Buoyant  Ascent) 

Buoyant  ascent  (aided  by  an  inflated  life  jacket) 
has  been  successfully  carried  out  from  depths  of  300 
feet  at  an  ascent  rate  of  340  feet  per  min  without 
respiratory  distress  (50).  Recent  evaluation  of  alveolar 
gas  exchange  data  obtained  during  buoyant  ascent 
from  90  feet  have  shown  that  the  alveolar  CO2  tension 
can  be  kept  at  normal  levels  at  the  average  ascent 
rates  used  (86).  A  theoretical  depth  time  curve  for 
buoyant  ascent  was  established,  according  to  which 
it  appears  possible  to  make  these  ascents  from  600 
feet '  without  being  endangered  by  CO2  narcosis, 
nitrogen  narcosis,  or  anoxia  (fig.  3). 
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Scuba  Diving 

Several  cases  of  unexplained  loss  of  consciousness 
were  observed  with  the  use  of  oxygen  closed-cireuit 
diving  equipment  in  which  eanisters  are  employed 
for  CO2  removal  (15).  Carbon-dioxide  intoxication 
was  implicated  as  the  most  likely  cause  of  the  ’‘shal¬ 
low-water  blackout.”  Additional  investigations  dem¬ 
onstrated  that  it  is  possible  in  most  subjects  to  produce 
a  marked  carbon-dioxide  intoxication  without  severe 
respiratory  dyspnea.  In  other  words,  the  depressant 
effects  of  carbon  dioxide  could  manifest  themselves 
without  the  warning  sign  of  a  strong  respiratory 
stimulation.  Predominance  of  depressing  CO-  effects 
over  respiratory  stimulation  was  facilitated  by  physical 
exertion  and  high  oxygen  tensions.  However,  Miles 
(178)  has  pointed  out  that  shallow-water  blackout 
might  be  eaused  by  sudden  increases  in  oxygen  ten¬ 
sions  leading  to  oxygen  syncope.  When  an  open-  or  a 
closed-eircuit  scuba  is  used  at  greater  depth,  the 
direct  effeet  of  pressure  produces  an  increased  density 
of  the  breathing  mixture  resulting  in'  increased  re¬ 
sistance  to  breathing.  Under  these  conditions  the 
work  of  breathing  was  found  to  be  increased  by  the 
resistance  developed  in  the  breathing  apparatus  and 
in  the  airways  of  the  diver  (170,  173).  Pulmonary  re¬ 
sistance  at  4  atm  pressure  increased  twofold  compared 
with  the  values  at  sea  level  (174).  Froeb  (96)  com¬ 
pared  the  respiratory  response  to  CO-  in  16  pro¬ 
fessional  divers  using  scuba  equipment  with  those  of 
nondivers  and  did  not  find  any  evidence  of  adaptation 
to  COf  in  the  scuba  divers.  In  studies  of  well-trained 
underwater  swimmers  of  the  U.  S.  Navy  Underwater 
Demolition  Team  (UDT)  and  untrained  swimmers 
(laboratory  personnel)  using  a  elosed-eircuit  oxygen 
breathing  unit,  a  higher  mean  and  tidal  PCO2  tension 
was  found  in  the  trained  swimmers  during  swims  at  a 
speed  of  1.1  to  1.8  km  per  hour  (106,  107).  Under 
resting  conditions  under  water,  differences  in  end 
tidal  PCO2  were  negligible.  Findings  indicated  some 
degree  of  adaptation  to  CO2  in  the  trained  swimmers 
which  perhaps  in  part  was  related  to  the  noted  re¬ 
spiratory  pattern  with  long  postinspiratory  pauses. 
Furthermore,  adaptation  to  increased  work  of  the 
inspiratory  muscles  might  have  contributed  to  the 
elevated ;  PCO2  in  the  trained  underwater  swimmer 
because  it  was  shown  that  alveolar  PCO2  increases 
linearly  with  the  workload  on  the  inspiratory  mus¬ 
cles  (181). 

Deep-Sea  Diving 

In  deep-sea  diving  ("hard  hat  diving”)  in  which 


the  conventional  suit  and  helmet  are  used,  a  large 
amount  of  air  has  to  be  ventilated  to  prevent  the  ac¬ 
cumulation  of  CO-.  Often,  this  might  not  be  fully 
accomplished.  Moreover,  at  greater  depths,  breathing 
resistance  beeomes  very  marked  and  might  easily 
lead  to  CO-  retention.  Lanphier  found  that  a  con¬ 
siderable  number  of  experienced  deep-sea  divers  at 
the  U.  lS.  Aavy  Experimental  Diving  Unit  showed 
CO-  retention  during  underwater  work  (152,  1 53 ). 
The  respiratory  minute  volume  declined  during  work 
dives  to  moderate  depth  using  oxygen-nitrogen  mix¬ 
tures.  The  degree  of  retention  of  carbon  dioxide  was 
related  to  the  ventilatory  response  to  CO-  (154) 
Those  with  a  high  tolerance  to  C02  retained  more 
carbon  dioxide.  When  breathing  resistance  was  re¬ 
duced  by  the  use  of  helium-oxygen  mixtures,  the 
carbon  dioxide  retention  was  small  or  absent.  A 
lowered  sensitivity  to  earbon  dioxide  was  frequently 
found  in  these  divers  ( 1 57)- 

Xalure  of  CO2  Adaptation 

Respiratory  adaptation  during  prolonged  exposure 
to  3  per  cent  and  1.5  per  cent  CO-  consists  of  lowered 
ventilatory  response  to  increased  CO2  concentration 
which  was  found  to  be  associated  with  a  respiratory' 
pattern  of  larger  tidal  volume  and  reduced  respira¬ 
tory  rate  (208,  213).  Simultaneous  acid-base  balance 
studies  indicated  that  respiratory  adaptation  is  cor¬ 
related  with  the  compensation  of  the  respiratory 
acidosis  induced  by  CO-  inhalation  (2)3).  The  two 
phases  of  acidosis  are  associated  with  a  period  of  ex¬ 
citation  followed  by  a  period  of  depression  of  the 
central  nervous  system  and  the  autonomic  system 
(59>  214). 

The  CO2  effects  on  the  central  nervous  system  have 
recently  been  reviewed  (216).  It  has  been  demon¬ 
strated  that  during  CO2  exposure  stimulatory  effects 
on  the  hypothalamic  cortical  system  are  associated 
with  simultaneous  depressing  effects  on  the  cerebral 
eortex.  The  latter  represents  a  direct  action  of  CO-. 
After  adaptation  to  carbon  dioxide,  the  stimulatory 
effects  on  the  autonomie  system  decrease  and  the 
cortieal  depressive  effects  become  dominant.  Further¬ 
more,  the  stress  effect  of  CO2  (increased  adrenal 
cortieal  activity)  was  found"  to  be  restricted  to  the 
period  of  uncompensated  respiratory  acidosis  (212). 

Evidence  of  circulatory  adaptation  of  CO2  was 
found  in  a  decrease  in  pulse  rate  (208)  and  a  marked 
prolongation  of  the  time  required  for  the  pulse  rate 
and  the  systolic  and  diastolic  blood  pressure  to  return 
to  the  initial  level  after  exercise  (51).  Since  the  divers 
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are  only  intermittently  exposed  to  CO2,  the  question 
arises  as  to  whether  one  can  speak  of  CO2  adaptation 
under  such  circumstances.  It  is  known  that  brewery 
workers  who  are  intermittently  exposed  to  3  to  4 
per  cent  CO2  show  significant  increases  in  blood 
bicarbonate  and  a  reduced  respiratory  response  to 
C02.  Furthermore,  it  was  reported  that  a  9-day  inter¬ 
mittent  exposure  following  a  6-day  continuous  ex¬ 
posure  to  3  per  cent  CO2  did  not  change  the  state  of 
adaptation  reached  during  the  first  part  of  the  ex¬ 
periment  (208).  These  findings  seem  to  indicate  that 
intermittent  exposure  to  COa  also  produces  adaptive 
changes. 


ANOXIA 

A  real  danger  of  anoxia  exists  during  skin  diving 
since  the  oxygen  content  falls  rapidly  during  the  last 
10  feet  of  ascent  (just  before  reaching  the  surface). 
The  end-dive  alveolar  oxygen  tensions  of  25  to  30 
mm  Hg  clearly  indicate  the  hazard  of  anoxia  which 
may  lead  to  unconsciousness.  The  practice  of  many 
skin  divers  to  prolong  the  breath-holding  time  under 
water  by  hyperventilation  or  oxygen  breathing  prior 
to  the  dive  will  exaggerate  the  danger  of  anoxia.  In  a 
recent  paper,  Craig  (68)  also  emphasized  that  among 
the  causes  of  loss  of  consciousness  during  underwater 
swimming  hypoxia  is  probably  the  most  important 
factor.  Some  measure  of  adaptation  to  hypoxia  ap¬ 
pears  to  be  associated  with  adaptation  to  CO->  in 
divers.  Commensurate  with  a  reduced  respiratory 
response  to  CO2,  a  lowered  respiratory  response  to 
inhalation  of  10  5  per  cent  ()■>  in  N2  was  observed 
(220).  Moreover,  as  compared  to  untrained  subjects, 
these  subjects  contracted  a  much  larger  O2  debt  dur¬ 
ing  exposure  to  a  hypoxic  gas  mixture  (218). 


COMPRESSION 

In  diving  operations  and  in  caisson  work,  man  is 
exposed  to  compressed  air.  A  large  number  of  in¬ 
vestigations  have  been  carried  out  to  determine  the 
causes  of  compressed  air  illness  and  decompression 
sickness  [see  Behnke  (27)].  However,  the  numerous 
factors  with  distinct  physiological  effects  operating  in 
the  high-pressure  environment  present  great  diffi¬ 
culties  in  the  way  of  experimental  design;  and  clear 
analysis.  Effects  of  acute  changes  in  pressure  were 
frequently  considered  as  direct  effects  of  pressure. 
Effects  of  hydrostatic  pressure  (submergence)  arc 


absent  in  the  dry  pressure  chamber.  Several  explanaT 
tions  have  been  proposed  for  the  effects  of  compressed 
air.  Since  increased  pressure  per  se  alters  the  viscosity 
of  gases  and  their  diffusion,  these  physical  changes 
are  considered  to  contribute  to  the'effects  of  increased 
pressure.  Case  &  Haldane  (61)  emphasized  the  in¬ 
creased  work  of  breathing  resulting  from  the  increased 
density  of  gases  under  higher  pressures.  On  the  basis  of 
large  experimental  material,  Bert  (43)  concluded  that 
the  effects  of  increased  pressure  were  caused  by  in¬ 
creased  oxygen  tensions,  so  he  then  used  compressed 
air  to  study  oxygen  poisoning.  This  view  was  widely 
accepted.  However,  Hill  &.  Macleod  (123)  and 
Orzechowski  &  Holste  (189)  demonstrated  that  the 
effects  produced  by  increased  oxygen  tensions  in 
compressed  air  are  more  severe  than  those  obtained 
by  the  same  oxygen  tensions  using  pure  oxygen.  One 
reason  is  that  nitrogen  or  another  inert  gas  has  to  be 
present  in  the  lungs  to  prevent  atelectasis  formation 
due  to  absorption  of  oxygen  (194).  Nitrogen  itself 
has  been  shown  to  produce  central  nervous  system 
effects  if  the  air  pressure  increases  above  100  to  150 
feet. 

Cardiovascular  Effects  0/  Increased  Pressure 

The  earlier  notion  that  increased  pressure  produces 
a  direct  mechanical  squeeze  effect  on  the  peripheral 
blood  vessels  (182,  233)  was  disproved  in  experiments 
by  Oliver  (187)  and  Hill  &  Macleod  (121,  123). 
According  to  Bert  (43),  increases  in  blood  pressure 
and  pulmonary  capacity  observed  in  animals  ex¬ 
posed  to  raised  atmospheric  pressure  were  caused  by 
mechanical  effects  of  the  increased  pressure  on  the 
abdomen  and  diaphragm. 

Increases  in  vital  capacity  in  man  and  animals  ex¬ 
posed  to  high  pressures  have  been  observed  in  more 
recent  investigations  (122,  229).  There  is  general 
agreement  that  the  pulse  rate  decreased  under  in¬ 
creased  pressure,  whereas  findings  on  blood  pressure 
vary  so  much  that  no  definite  statement  is  possible. 

Data  on  pulse  rate,  systolic  blood  pressure,  and 
pulse  pressure  obtained  by  Shilling  et  al.  (230)  on  a 
group  of  31  men  tested  at  atmospheric  pressure  and 
2,  4,  6,  7  and  10  atm  showed  a  slight  decrease  with 
increasing  pressure.  Furthermore,  the  Schneider  index 
score  was  found  increased  and  cardiac  minute  volume 
was  decreased  by  about  1  liter  at  6  atm.  Slight  in¬ 
creases  in  blood  pressure  were  observed  in  men  sub¬ 
jected  to  2  atm  by  Javal  (135).  Retinal  blood  vessels 
were. found  to  be  contracted  and  anemic  in  subjects 
exposed  for  1  hour  to  1087  mm  Hg  pressure  (248). 
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Studies  on  caisson  work  did  not  show  any  significant 
changes  in  vital  capacity  or  pulse  rate  as  the  result  of 
6  .months  work  in  caissons  (202).  Brooks  (55)  did  not 
find  any  changes  in  the  arterial  blood  pressure  of  75 
men  who  had  worked  in  caissons  from  1  month  to  5 
years.  Hornung  (128)  demonstrated  that  the  heart 
size  of.  caisson  workers  increased  eommensurately 
with  the  rise  of  pressure  in  the  lock,  and  decreased 
slightly  after  a  pressure  equilibrium  was  established 
but  without  returning  to  the  control  value.  According 
to  Marquort  &  Rietz  (169),  the  electrocardiogram 
in  men  exposed  to  increased  pressures  indicated  a 
change  in  the  position  of  the  heart  due  to  lowering 
of  the  diaphragm.  No  pathological  changes  were 
noted  in  the  ECG  of  caisson  workers  after  years  of 
activity.  This  is  in  contrast  to  findings  of  Breu  (54). 
who  observed  in  41  per  cent  of  120  caisson  workers 
high  positive  T  waves  which  were  considered  as  evi¬ 
dence  of  myocardial  damage.  The  changes  in  T 
waves  are  similar  to  those  found  after  oxygen  inhala¬ 
tion  (see  below).  Available  literature  does  not  con¬ 
tain  any  reports  about  adaptive  circulatory  changes  in 
caisson  workers. 


OXYGEN  TOXICITY 

The  effects  of  increased  partial  pressures  of  oxygen 
at  atmospheric  pressure  are  treated  separately  from 
those  of  increased  oxygen  tension  in  excess  of  1  atm 
since  one  of  the  forms  of  oxygen  poisoning,  oxygen 
convulsions,  occurs  only  under  the  latter  condition. 
This  subject  has  been  reviewed  by  Bean  (18)  and 
Matthes  (172). 

Oxygen  Effects  at  One  Atmosphere 

Inhalation  of  oxygen  concentrations  above  65 
per  cent  corresponding  to  a  Po2  higher  than  530 
mm  Hg  has  deleterious  effects  in  most  warm-blooded 
animals  and  leads  eventually,  after  days  or  weeks, 
to  death.  Gomroe  et  al.  (66)  were  able  to  establish 
the  threshold  oxygen  tension  and  also  the  time  of 
onset  of  symptoms  due  to  oxygen  toxicity  by  exposing 
a  large  number  of  healthy  young  subjects  to  to,  50, 
and  75  per  cent  02  for  24  hours.  Up  to  12  hours,  100 
per  cent  oxygen  could  safely  be  inhaled,  but  after  24 
hours  of  oxygen  breathing  symptoms  of  substernal 
stress  were  noted  in  86  per  cent  of  the  subjects.  In¬ 
halation  of  50  per  cent  oxygen  induced  no  symptoms 
during  24  hours.  However,  a  decrease  in  vital  ca¬ 
pacity  was  found  after  24  hours  of  exposure  to  100 


and  50  per  cent  oxygen.  The  alveolar  oxygen  tension 
under  the  latter  condition  is  approximately  300  mm 
Hg.  A  reduction  in  vital  capacity  after  prolonged 
exposure  to  increased  oxygen  tension  was  also  re¬ 
ported  by  Clamann  &  Becker- Freyseng  (64)  and 
Michel  &  Langevin  (177).  The  latter  exposed  sub¬ 
jects  for  7  days  to  an  altitude  of  10,000  feet  with  an 
oxygen  partial  pressure  of  410  mm  Hg  corresponding 
to  55  per  cent  oxygen  at  sea  level. 

There  is  ample  evidence  that  breathing  oxygen  or 
hyperoxygenated  gas  mixtures  results  in  a  slowing 
of  the  heart  rate  (5,  40,  84,  175).  The  threshold  for 
the  bradycardia  effect  is  50  per  cent  which  cor¬ 
responds  to  an  alveolar  Po>  of  300  mm  Hg.  This 
slowing  of  the  heart  rate  was  not  observed  in  subjects 
breathing  an  air  mixture  containing  less  than  50 
per  cent  (176).  The  magnitude  of  the  response  was 
proportional  to  the  oxygen  concentration  in  the  in¬ 
haled  air  mixture.  The  fall  in  pulse  rate  amounts  to 
3  to  10  per  cent  of  the  initial  value  and  is  of  a  transi¬ 
tory  nature.  After  20  min  the  pulse  rate  rises  again 
and  reaches  control  values  after  50  min  of  oxygen 
breathing  (6,  176). 

The  immediate  decrease  of  pulse  rate  and  respira¬ 
tory  minute  volume  upon  inhalation  of  pure  oxygen 
suggested  a  tonic  activity  of  the  ehemoreeeptors  at 
normal  oxygen  tensions  (84).  This  was  definitely 
established  by  Dejours  el  al.  (76)  who  also  found  that 
this  chemoreeeptor  O?  drive  of  respiration  disappears 
above  an  alveolar  oxygen  -  tension  of  170  min  Hg. 
The  bradycardia  is  apparently  caused  by  stimulation 
of  the  vagus.  Administration  of  atropine  prevents  the 
decrease  of  heart  rate  produced  by  inhalation  of  pure 
oxygen  at  atmospheric  pressure  (1). 

Cardiac  minute  volume  and  stroke  volume  are 
both  reduced  during  oxygen  breathing.  Reported 
decreases  in  the  cardiac  minute  volume  amounted  to 
10  to  20  per  cent  and  those  of  the  stroke  volume 
were  only  6  to  7  per  cent  (5).  Since  the  total  oxygen 
consumption  did  not  change,  findings  indicate  that 
oxygen  utilization  is  increased  under  these  conditions. 
Similar  results  were  obtained  by  Whitehorn  el  al. 
(250)  who  also  pointed  out  that  maintenance  of  the 
arterial  blood  pressure  level,  in  spite  of  a  reduced 
cardiac  output,  might  be  interpreted  as  evidence  of  an 
increase  in  general  peripheral  vascular  resistance. 
Coronary  vessels  appear  to  constrict  on  administra¬ 
tion  of  oxygen  and  a  decrease  of  15  per  cent  in  coro¬ 
nary  blood  flow'  was  found  in  dogs  (91).  No  change 
in  cardiac  output  was  observed  during  breathing  of  a 
45  per  cent  oxygen  mixture;  this  corresponds  with  the 
results  of  Meda  on  pulse  rate  (203). 
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According  to  older  studies  the  blood  pressure  in 
man  did  not  seem  to  be  affected  by  inhalation  of 
oxygen.  More  elaborate  investigations  of  the  circula¬ 
tory  effects  of  oxygen  breathing  in  normal  man  were 
very  recently  reported  by  Daly  &  Bondurant  (71) 
who  demonstrated  unequivocally  that  O2  breathing 
increases  systemic  resistance  and  blood  pressure. 
Furthermore',  it  was  found  that  the  oxygen-induced 
decrease  in  heart  rate  and  rate  dependent  decrease  in 
cardiac  output  persist  in  the  circulatory  response  to 
reactive  hyperemia,  which  seems  to  indicate  a  reflex 
effect  of  hyperoxia.. 

There  is  some  evidence  that  increased  oxygen  causes 
a  reduction  in  cerebral  blood  flow.  Quantitative 
studies  of  cerebral  circulation  in  man  showed  that 
50  (129)  and  80  per  cent  (244)  oxygen  in  the  inspired 
air  have  negligible  effects,  whereas  inhalation  of  85 
and  100  per  cent  oxygen  cause  a  slight  reduction  of 
cerebral  blood  flow  (approximately  12  to  15  per  cent) 
(142,  147).  This  rather  small  effect  on  cerebral  circu¬ 
lation  is  not  significantly  increased  when  the  ambient 
pressure  is  raised  to  3.5  atm,  probably  because  of 
associated  hypocapnia  (147). 

The  effects  of  increased  oxygen'  tension  on  the 
electrocardiogram  consist  of  a  flattening  of  the  P 
wave  and  an  increase  in  the  amplitude  of  R  and  T. 
Enlargement  of  the  T  wave  is  particularly  pronounced 
in  heart  patients  after  oxygen  inhalation.  Patho¬ 
logical  waves  may  become  more  distinct  after  oxygen 
inhalation.  The  time  intervals  of  PQ,  QRS,  and  QT 
are  usually  not  changed.  Prolonged  PQ  intervals  and 
lowered  ST  segments  were  found  to  be  normalized 
after  oxygen  breathing  (6,  14,  175). 

Oxygen  Paradox  .  '  •  ' 

If  a  person  is  in  a  hypoxic  state  and  suddenly  has 
pure  oxygen  to  breathe,  his  condition  may  deteriorate 
and  he  may  become  unconscious  for  up  to  30  sec. 
This  effect  of  oxygen  was  first  noted  in  studies  in¬ 
volving  rapid  recompression  from  simulated  altitude. 
The  term  oxygen  paradox  was  coined  by  Ruff  & 
■Strughold  (206)  in  1939.  Latham  (160)'  carried  out 
experiments  on  52  subjects  who  were  first  made 
anoxic  by  inhaling  air  for  4  to  5  min  at  20,000  feet  of 
simulated  altitude  and  then  given  pure  oxygen.  Of 
the  52  subjects,  13  (25  per  cent)  showed  symptoms. 
After  12  sec  of  oxygen  inhalation,  errors  in  writing 
tests  reached  a  peak  indicating  that  CNS  disturbances 
are  the  first  manifestations  of  the  oxygen  paradox 
reaction.  Cardiovascular  responses  followed  40  sec 
later  and  were  associated  with  muscular  incoordina¬ 


tion.  Somewhat  later,  signs  of  impending  cardio¬ 
vascular  collapse  developed,  commensurate  with  a 
rapid  fall  in  systolic  blood  pressure  and  an  increase 
in  peripheral  blood  flow.  It  is  possible  that  the  neu¬ 
rological  manifestations  of  the  oxygen  paradox  re¬ 
action  are  the  consequences  of  an  impairment  of 
cerebral  circulation.  The  paradox  reaction  does  not 
occur  if  oxygen  is  administered  slowly. 

Oxygen  syncope  was  studied  by  Miles  (178)  in  36 
young  adult  shallow-water  divers,  all  experienced  in 
the  use  of  breathing  apparatuses.  He  developed  a  test 
in  which  he  incorporated  the  “stress  conditions”  fre¬ 
quently  encountered  in  underwater  swimming,  such 
as  sudden  increases  in  intrapulmonary  pressure  (blow¬ 
ing  against  a  nose  clip),  breath  holding,  and  sudden 
changes  in  oxygen  concentrations  in  the  breathing 
unit. 

It  was  found  that  the  threshold  for  oxygen  syncope 
is  lowered  by  inhalation  of  oxygen  even  at  normal 
barometric  pressure.  Miles  concluded  that  under 
conditions  of  increased  pulmonary  pressure,  com¬ 
bined  with  peripheral  vascular  pooling,  inhalation  of  a 
gas  mixture  containing  increased  oxygen  tensions  is. 
more  likely  to  produce  syncope  than  breathing  air. 
The  incidence  of  nausea,  dizziness  and  weakness  was 
also  much  greater  in  subjects  after  inhalation  of 
oxygen  when  compared  with  air  breathing.  Findings 
were  explained  on  the  basis  of  the  cerebral  vaso¬ 
constriction  effect  of  oxygen. 

Effects  of  Oxygen  in  Excess  of  One  Atmosphere 

Inhalation  of  oxygen  at  a  pressure  of  approximately 
2  atm  after  sufficient  time  will  result  in  generalized 
convulsions.  With  increasing  depth  the  toxic  mani¬ 
festation  of  oxygen  becomes  greater  and  occurs  after 
shorter  exposure  times  (80,  81,  255).  Oxygen  con¬ 
vulsions  have  been  reported  at  a  pressure  as  low  as  33 
feet  of  sea  water  (80).  Practical  use  of  oxygen  breath¬ 
ing  has  been  considered  to  be  limited  to  30  .feet  (255) 
or  25  feet  (80).  Even  these  narrow  limitations  under¬ 
rate  the  recognized  danger  of  oxygen  breathing  while 
under  water.  Working  while  under  water  will  reduce 
the  tolerance  to  oxygen  markedly.  Prodromal  signs 
and  symptoms  listed  in  the  order  of  their  percentage  of 
incidence  during  underwater  exposure  include  vertigo, 
nausea,  lip  twitching  and  other  involuntary  tremors, 
.drowsiness  and  disorientation,  acoustic  hallucinations, 
and  paresthesia  (81).  These  findings  were  obtained 
in  a  study  of  a  large  number  of  exposures  to  high 
oxygen  pressures  in  a  wet  chamber.  Symptoms  of 
pulmonary  irritation  were  not  seen  because  nervous 
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symptoms  forced  termination  of  the  experiments  be¬ 
fore  pulmonary  symptoms  could  develop.  However, 
in  studies  of  oxygen  toxicity  in  underwater  swimming, . 
in  which  14  out  of  50  exposures  (28  per  cent)  were 
terminated  due  to  toxic  manifestations,  dyspnea  was 
by  far  the  most  frequent  symptom  (210).  The  sub¬ 
jects  complaining  about  dyspnea  had  a  very  rapid 
respiratory  rate  (mostly  above  32)  and  reported  a 
resistance  to  breathing  and  inspiratory  inhibition, 

The  differences  appear  to  be  related  to  the  different 
effects  of  oxygen  breathing  on  respiration  in  rest  and 
exercise.  Under  resting  conditions,  oxygen  breathing 
increases  respiratory  minute  volume  at  '  normal 
atmospheric  pressure  (9),  and  even  more  at  3.5  atm 
(151).  Respiratory  rate  remains  unchanged  while 
tidal  volume  increases.  However,  oxygen  inhalation . 
causes  a  reduction  in  pulmonary  ventilation  during 
moderately  strenuous  exercise  (8)  which  has  been 
explained  as  a  predominance  of  the  depressive  effect 
of  oxygen  on  the  respiratory  center.  Since  oxygen 
breathing  in  underwater  swimming  produces  a  strong 
parasympathicotonic  stimulation,  as  indicated  in 
pulse  rate  measurements,  symptoms  of  pulmonary 
irritation  and  inspiratory  inhibition  might  be  caused 
by  excitation  of  the  vagal  inhibitory  reflex  (210). 
The  average  pulse  rate  measured  at  the  beginning  of 
3 -min  rest  periods  after  each  15  inin  of  underwater 
swimming  showed  a  consistent  decline  with  con¬ 
tinuing  exercise,  falling  even  below  the  initial  resting 
values  at  the  end  of  93  min.  The  cardioinhibitory 
action  displayed  under  these  conditions  led  eventually 
to  a  fixation  of  pulse  rate,  c.g,,  the  differences  between 
exercise  and  rest  disappeared.  This  sign  preceded  the 
development  of  symptoms  in  78  per  cent  of  the  cases 
and  can  therefore  be  used  as  a  warning  sign.  Mani¬ 
festations  of  symptoms  were  associated  with  strong 
increases  in  pulse  rate  and  respiratory  rate. 

Two  cardiovascular  findings  during  exposure  to 
increased  percentage  of  oxygen  at  1  or  more  atin 
seem  to  be  well  established :  the  bradycardia  which 
is  ol  vagal  origin  (t,  25,  71),  and  the  increase  noted 
in  pulse  rate  and  blood  pressure  if  symptoms  of  oxygen 
toxicity  develop  in  man  (32,  33,  40,  255).  The  re¬ 
ported  fixation  of  pulse  rate  (210)  appears  to  denote 
the  end  point  of  the  predominant  parasympathetic 
activity  and  the  approaching  release  of  increased 
sympathetic  activity  which  is  associated  with  symp¬ 
toms  of  oxygen  toxicity.  Exposure  to  increased  ()3 
tension  results  in  a  decrease  of  erythrocytes  and 
hemoglobin  (5).  Hemopoiesis,  which'  is  also  known 
to  increase  during  adaptation  to  high  altitude,  ap¬ 


pears  to  be  influenced  by  the  relation  between  03 
utilization  and  O2  supply. 

A  theoretical  toxicity  curve  for  time  and  depth  of 
exposure  to  oxygen  was  developed  for  conditions  of 
underwater  work  or  swimming.  This  proposed  oxygen 
limit  curve  was  tested  with  19  subjects  working  under 
water  at  various  depths  while  breathing  oxygen  (152). 
Although  the  theoretical  oxygen  toxicity  curve  proved 
to  be  acceptable  as  a  general  guideline,  symptoms  of 
oxygen  toxicity  were  occasionally  experienced  within 
a  depth-time  range  designated  as  safe  (87). 

Oxygen  inhalation  by  human  subjects  at  3  atm 
in  a  dry  compression  chamber  was  well  tolerated  for 
3  hours.  During  the  4th  hour,  however,  symptoms  of 
dizziness  and  nausea  developed  (31).  Impending 
collapse  was  always  signalized  by  an  increase  in  pulse 
rate  and  rise  in  systolic  and  diastolic  pressure.  These 
findings  correspond  with  those  reported  by  Schaefer 
(210)  in  studies  of  underwater  swimming.  Further¬ 
more,  rapid  contraction  of  the  visual  field  and  failure 
in  visual  acuity  were  observed.  After  transition  to  air, 
nausea  and  dizziness  disappeared  within  a  few  min¬ 
utes,  whereas  the  recovery  of  cardiovascular  functions 
required  a  considerably  longer  time. 

Many  studies  have  been  carried  out  in  the  past  to 
determine  the  cause  of  oxygen  convulsions  (18).  A 
direct  toxic  effect  of  oxygen  at  high  pressures  upon 
brain  cells,  carbon  dioxide  autointoxication  due  to 
the  breakdown  of  the  hemoglobin  transport  function 
for  carbon  dioxide  (104),-  and  vasoconstrictor  effects 
of  high  POj  (73)  have  been  considered  as  mechanisms 
involved  in  the  development  of  oxygen  toxicity. 

When  oxygen  is  inhaled  at  3.5  atmospheres  pres¬ 
sure,  the  blood  contains  6.5  vol  per  cent  oxygen  in 
physical  solution.  This  amount  would  be  sufficient  to 
cover  the  oxygen  supply  of  most  tissues  since  the  ()« 
deficit  of  the  mixed  venous  blood  is  only  5  vol  per 
cent  and  even  in  the  brain  circulation  is  not  more  than 
6  vol  per  cent.  One  would  assume,  therefore,  that 
the  oxygen  bound  on  hemoglobin  would  not  be 
utilized  and  that  venous  and  tissue  partial  pressures 
of  oxygen  would  be  greatly  increased  during  exposure 
to  3.5  atm  of  oxygen.  However,  Lambertsen  el  at. 
(147)  demonstrated  that  under  these  conditions 
jugular  venous  hemoglobin  was  still  somewhat  re¬ 
duced  (venous  Hb  03  saturation  89  per  cent),  even 
though  arterial  oxygen  tensions  reached  a  level  of 
nearly  2100  mm  Hg. 

The  effect  of  the  change  in  atmospheric  pressure 
was  to  reduce  the  cerebral-  blood  flow  by  25  per  cent 
and  increase  the  vascular  resistance  of  the  brain  by  55 
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per  cent.  The  reduced  flow  resulted  in  a  small  in¬ 
crease  in  the  arteriovenous  volume  difference.  When 
the  arteriovenous  difference  is  thought  of  as  a  tension 
difference,  the  figure  is  very  large  (about  2000  mm 
Hg).  This  is,  of  course,  due  to  the  oxygen’s  being  in 
solution  rather  than  in  combination  with  hemoglobin. 

The  observed  increase  in  central  venous  PCO2  of 
3  mm  Hg  was  apparently  sufficient  to  stimulate  res¬ 
piration  which,  in  turn,  resulted  in  a  5  mm  Hg  de¬ 
crease  in  arterial  PC02,  raising  the  arteriovenous 
difference  to  8  mm  Hg.  Lambertsen  et  al.  (147)  con¬ 
sider  arterial  hypocapnia  as  the  cause  of  the  cerebral 
vasoconstriction  produced  by  inhalation  of  oxygen 
at  high  pressure  since  this  vasoconstrictor  effect  could 
be  eliminated  by  the  addition  of  2  per  cent  CO2  to 
the  oxygen.  Under  these  conditions  arterial  PCO2  was 
maintained  at  normal  levels,  while  venous  P02  rose 
approximately  1000  mm  Hg  (146,  148). 

Since  the  enhancement  of. oxygen  toxicity  by  carbon 
dioxide  breathing  was  found  to  be  caused  by  a  large 
increase  in  mean  brain  capillary  oxygen  tension  due 
to  COa-induced  vasodilation,  it  was  reasonable  to 
assume  that  the  reduction  in  oxygen  tolerance  by 
exercise  would  have  a  similar  origin.  However,  in 
recent  experiments  in  which  subjects  carried  out  ex¬ 
ercise  (workload  745  kg-min)  while  breathing  oxygen 
at  2  atmospheres  pressure,  Lambertsen  et  al.  (149) 
demonstrated  that  the  postulated  hypercapnia  and 
large  increase  in  oxygen  tension  did  not  occur.  Al¬ 
though  the  arterial  Po2  rose  under  these  conditions 
to  1200  mm  Hg,  the  internal  jugular  venous  P02  in¬ 
creased  only  from  33  mm  Hg  at  rest  to  61  mm  Hg 
during  exercise  while  the  level  of  jugular  venous  Pco2 
was  elevated  6.5  mm  Hg.  The  findings  of  the  Lambert¬ 
sen  .  group  have  brought  additional  evidence  that 
oxygen  inhalation  at  high,  pressure  interferes  with 
the  hemoglobin  transport  function  for  carbon  dioxide, 
and  they  refute  the  theory  of  carbon  dioxide  auto¬ 
intoxication  as  the  cause  of  oxygen  convulsions.  If 
the  venous  Pco2  is  considered  an  index  of  the  tissue 
Pcoa  tension,  the  observed  increase  of  3  mm  Hg  rules 
out  any  significant  elevation  of  tissue  CO,  tension, 
which  is  in  agreement  with  earlier  work  of  Behnke 
et  al.  (36)  who  found  a  rise  of  6.5  mm  Hg  in  the  mixed 
venous  blood  of  dogs  exposed  to  3.8  atm  of  oxygen. 

The  theory  of  carbon  dioxide  autointoxication  was 
mainly  supported  by  observations  of  high  tissue  CO2 
tensions  (between  200  and  300  mm  Hg)  in  intra- 
peritoneal  and  subcutaneous  gas  pockets  of  small 
animals  exposed  to  high  oxygen  pressures  (58,  226, 
241,  242).  However,  more  recent  experiments  with 


rabbits,  cats(  and  dogs,  in  which  the  same  technique 
was  used,  demonstrated  that  the  rise  of  tissue  C02 
tension  during  exposure  to  high  oxygen  pressure  is 
associated  with  respiratory  failure  of  terminal  hy- 
peroxia  (150).  Furthermore,  in  experiments  with  high 
O2  pressure,  C02  excretion  was  found  increased  only 
after  the  onset  of  generalized  convulsions;  this  was 
interpreted  to  mean  that  C02  retention  is  the  con¬ 
sequence  and  not  the  cause  of  convulsions  (246). 

Evidence  so  far  indicates  that  interference  with  the 
carbon  dioxide  transport  function  of  the  blood  in 
hyperoxia  cannot  be  considered  to  be  the  cause  of 
convulsions.  It  appears,  therefore,  more  likely  that 
the  cerebral  symptoms  of  oxygen  toxicity  are  pro¬ 
duced  by  direct  effects  of  high  oxygen  tensions.  High- 
oxygen  pressure  depresses  tissue  respiration  in  vitro, 
and  brain  tissue  appears  to  be  more  susceptible  to 
the  action  of  oxygen  than  other  tissues  (237,  238). 
However,  the  time  required  for  oxygen  to  depress 
tissue  respiration  was  much  longer  than  the  latent 
time  of  convulsions  at  comparable  pressures  in  ani¬ 
mals  (79). 

In  view  of  the  existing  large  gradients  of  oxygen 
tension  from  the  arterial  to  the  venous  side,  it  has 
been  proposed  (147)  that  the  cells  at  the  arterial 
capillary  end,  where  much  higher  oxygen  tensions 
exist  comparable  to  those  producing  irreversible 
poisoning  of  glucose  oxidation  in  tissues,  are  affected 
by  oxygen  and  act  as  trigger  mechanism  for  the  de¬ 
velopment  of  generalized  convulsions.  In  any  case, 
the  subtle  derangements  of  enzyme  activities  respon¬ 
sible  for  the  in  vivo  toxic  effects  of  oxygen  still  await 
elucidation. 

Neurophysiological  studies  of  oxygen  toxicity  dem¬ 
onstrated  that  electroencephalographic  tracings  dur¬ 
ing  oxygen  convulsions  cannot  be  distinguished  from 
those  obtained  in  grand  mal  epilepsy  (161)  and  that 
the  seizures  appear  during  or  just  after  a  sharp  rise 
in  cerebral  oxygen  tensions  as  measured  with  "  the 
platinum  electrode  (21). 

Investigations  of  Noell  (185,  186)  on  the  effect  of 
increased  oxygen  tension  on  the  visual  cell  of  the 
rabbit  retina  demonstrated  that  oxygen  exerts  on  the 
visual  cell  a  direct  toxic  effect  which  is  cumulative. 
Noell  (186)  pointed  out  that  in  its  cumulative  action 
oxygen  poisoning  resembles  the  effects  of  X-irradia- 
tion,  which  observation  supports  the  theory  advanced 
by  Gerschman  et  al.  (102)  that  oxygen  poisoning  and 
X-irradiation  have  one.common  mechanism  of  action, 
namely,  the  formation  of  oxidizing  free  radicals.  It 
has  been  demonstrated  that  the  lethal  effects  of 
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X-irradiation  are  enhanced  by  high  oxygen  and 
reduced  by  anoxia.  Furthermore,  agents  which  gave 
a  protection  against  X-irradiation,  such  as  gluta¬ 
thione  and  cysteine,  also  afford  a  protection  against 
oxygen  poisoning  (102).  It  is  reasonable  to  assume 
that  oxidizing  free  radicals  such  as  HO  -2,  OH  ■ ,  and 
H2O2  would  react  rapidly  and  perhaps  initiate  chain 
reactions. 

Under  these  circumstances  the  body  does  require 
antioxidant  .defenses  against  uncontrolled  oxidations 
(100).  Differences  in  the  available  antioxidant  de¬ 
fenses  might  account  for  the  wide  variety  in  species 
and  organ  susceptibility.  Clarification  of  the-  mecha¬ 
nism  of  action  through  which  substances  protect 
against  oxygen  toxicity  is  significant  for  the  progress 
in  this  field.  For  example,  it  has  been  shown  that 
cobalt,  which  is  known  to  destroy  hydrogen  peroxide 
(tor),  also  protects  mice  against  1  atm  of  oxygen. 
The  action  of  toxic  oxidizing  free  radicals  does  not 
require  postulation  of  an  O2  vasoconstrictor  effect  on 
the  blood  vessels  or  any  specific  changes  in  acid-base 
parameters.  The  theory  may,  therefore,  offer  an  ex¬ 
planation  for  conditions,  such  as  exercise  at  high 
P02,  in  which  changes  in  circulation,  arterial,  and 
venous  PCO2  and  Po2  are  too  small  to  account  for  the 
reduction  in  oxygen  tolerance. 

Pathological  Changes  Induced  by  Oxygen 

Exposure  to  oxygen  tensions  above  500  mm  Hg 
produce,  after  12  to  14  hours,  pathological  changes 
which  are  particularly  expressed  in  the  lungs  in  all 
warm-blooded  animals  Outstanding  features  of  the 
acute  and  subacute  pulmonary  oxygen  effects  at 
normal  and  higher  barometric  pressures  are  increased 
permeability  of  the  pulmonary  blood  vessels  with 
hemorrhages  and  edema,  swelling  and  desquamation 
of  the  alveolar  epithelium,  and  fibrin  formation  resulting 
after  a  few  days  in  fibrinous  bronchopneumonia  (44, 
65,  138,  139).  Unilateral  and  bilateral  vagotomy  did 
not  produce  any  marked  differences  in  the  pulmonary 
pathology  of  animals  exposed  to  approximately  600 
mm  Hg  of  oxygen  tension  (168).  In  rats  exposed  to 
720  to  750  mm  Hg  of  oxygen  tension  (total  pressure, 

1  atm),  a  massive  pleural  effusion  was  found  as  the 
cause  of  death  (53).  Myocardial  damage  was  observed 
in  mice  as' the  result  of  high  O2  pressure  (140).  Later 
changes  during  prolonged  exposure  to  increased  P02 
involve  hyperplasia  and  degenerative  changes  in  the 
alveolar  cells  (235),  thickening  and  hyalinization  of 
pulmonary  arterioles  (41),  and  dilatation  of  the  right 
side  or  of  both  sides  of  the  heart  (41). 


Experimental  investigations  of  pulmonary  effects  of 
oxygen  carried  out  at  higher  oxygen  tensions  (between 
1500  and  2500  mm  Hg)  show  augmentation  of  the 
pulmonary  pathology  which  also  develops  at  an  earlier 
time.  However,  under  these  conditions  a  strong 
neurogenic  component  is  present  since  most  of  the 
animals  have  convulsions  prior  to  the  onset  of  pul¬ 
monary  changes.  In  addition,  hormonal  factors  con¬ 
tribute  in  large  measure  to  the  development  of  histo- 
pathological  effects. 

Exposure  to  high  oxygen  tensions  produces  a 
typical  stress  reaction  with  increased  activity  of  the 
pituitary  adrenal  system  (22,  23,  103).  Hypophysec- 
tomy  (26)  and  adrenalectomy  (103)  give  protection 
against  the  noxious  effects  of  oxygen,  whereas  corti¬ 
sone  and  adrenaline  injection  (24)  facilitate  the  toxic 
oxygen  effects.  These  findings  demonstrate  the  in¬ 
volvement  of  hormonal  factors  and  stimulation  of 
the  sympathetic  system  in  the  development  of  oxygen- 
induced  pulmonary  damage,  although  the  mecha¬ 
nisms  of  action  are  not  clear.  It  should  be  kept  in 
mind  that  airway  resistance  is  decreased  under  stress 
conditions.  On  the  other  hand,  diffuse  atelectasis  has 
been  found  in  small  animals  exposed  to  increased 
oxygen  tensions  as  a  result  of  absorption  of  oxygen 
from  nonventilating  alveoli  (194). 

Acclimatization  to  Oxygen 

During  prolonged  exposure  to  oxygen,  a  crisis  de¬ 
velops  during  the  first  days  in  which  a  number  of 
animals  die  while  others  recover  and  continue  to  live 
for  longer  periods  (234).  This  is  quite  similar  to  find¬ 
ings  obtained  under  conditions  of  chronic  CO2  ex¬ 
posure  (213).  Smith  el  al.  (235)  provided  histological 
evidence  for  pulmonary  adaptation  in  rats  which 
survived  72  days’  exposure  to  80  per  cent  oxygen 
(total  pressure,  1  atm).  The  adaptive  pulmonary 
changes  consisted  in  greater  cellularity  and  thickness 
of  the  alveolar  wall  and  hyperplastic  alterations  of  the 
pulmonary  capillaries.  These  adapted  animals  showed 
no  signs  of  02  poisoning  when  they  were  re-exposed 
to  the  same  conditions  of  560  mm  Hg  02  in  com¬ 
pressed  air.  It  was  concluded  that  the  increased  resist¬ 
ance  to  oxygen  was  based  on  chronic  changes  in  the 
pulmonary  epithelium.  Measurement  of  pulmonary 
arterial  pressure  was  obtained  under  similar  experi¬ 
mental  conditions  in  which  rats  were  exposed  for  4 
to  6  weeks  to  4  atm  pressure  (O2  tension  ranging  from 
532  to  760  mm  Hg)  (41).  Pulmonary  hypertension 
noted  after  24  days  of  exposure  was  caused  by  the 
development  of  obliterative  vascular  changes.  These 
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appeared  first  in  the  pulmonary  arterioles  (thickening 
and  hyalinization)  and  were  followed  later  by  de¬ 
generative  lesions  in  the  large  pulmonary  arteries. 
The  right  ventricle  was  found  enlarged  and  the 
systolic  pressure  decreased.  No  pathological  changes 
were  seen  in  the  systemic  circulation.  The  reported 
“adaptive  pulmonary  changes”  observed  in  chronic 
O2  toxicity  studies  with  compressed  air  were  cer¬ 
tainly  influenced  by  the  presence  of  nitrogen  which 
reduces  atelectasis  formation  and  probably  mortality 

(194) - 

However,  Barach  et  al.  (13)  found  that  rats,  which 
usually  die  after  3  to  4  days  in  too  per  cent  O2,  de¬ 
veloped  an  increased  tolerance  to  too  per  cent  O2 
within  a  period  of  6  to  12  days  after  intermittent  ex¬ 
posure  to  oxygen  with  four  15-rnin  intervals  on  air 
per  day.  This  adaptive  response  could  not  be  ex¬ 
plained  by  chronic  morphological  changes  of  the 
pulmonary  tissue.  Rabbits  could  not  be  adapted  to 
high  concentrations  of  oxygen  by  gradually  increasing 
the  oxygen  concentrations  from  2 1  to  85  percent  (ti). 
The  technique  of  intermittent  exposure  to  oxygen 
with  return  to  air  for  shorter  periods  was  successfully 
used  to  acclimatize  rats  (1 17),  cats  (236),  and  guinea 
pigs  (145)  to  higher  oxygen  tensions.  Since  recent 
investigation  showed  that  rats  can  acquire  a  measure 
of  adaptation  to  oxygen  within  3  days  (1 1 7),  evidence 
is  accumulating  which  indicates  that  this  short-term 
acclimatization  to  oxygen  is  not  related  to  the  de¬ 
velopment  of  structural  changes  in  the  lung  tissue.  • 

It  should.be  noted  that  CNS  depressant  drugs,  such  . 
as  chloroform  (43),  and  arnytal  and  pentobarbital 

(195) ,  give  some  protection  against  the  onset  of  oxy¬ 
gen-induced  convulsions.  Furthermore,  intraperi- 
toneal  injection  of  tris  buffer  (THAM)  and  sodium 
bicarbonate  were  shown  to  be  effective  in  delaying 
the  appearance  of  convulsions  (20,  207).  The  mecha¬ 
nism  by  which  administration  of  these  buffers  affords 
protection  is  not  known. 

Therapeutic  Use  of  Oxygen  Under  High  Pressure  ■ 

The  suggestions  Sir  Francis  Bacon  made  in  his 
Xova  Atlantis,  to  use  health  chambers  with  specially 
treated  air  to.  cure  diseases,  seem  to  have  been  realized 
in  the  recent  introduction  of  therapy  with  oxygen  at 
high  pressures!  High-pressure  operating  rooms  have 
been  developed  and  used  for  open-heart  operations 
and  other  surgery.  By  flooding  the  tissues!  with  oxygen 
and  greatly  increasing  the  partial  pressure  of  oxygen 
in  the  blood  plasma,  organs  such  as  the  heart  can  be 
kept  in  functional  condition  even  if  the  hemoglobin 


level  is  greatly  reduced.  Oxygen  therapy  at  high 
pressure  has  also  been  successfully  used  in  acute 
anaerobic  infections  and  in  combination  with  radia¬ 
tion  therapy  in  the  treatment  of  cancer.  Therapeutic 
administration  of  100  per  cent  oxygen  at  3  atm  has 
been  extended  to  2  hours,  being  well  within  the  3- 
hour  tolerance  limits  established  by  Behnke  (32)  for 
this  condition.  It  is  to  be  hoped  that  this  rapidly  ex¬ 
panding  field  of  high-pressure  oxygen  therapy  will 
give  a  new  impetus  for  further  research  on  the  causes 
of  oxygen  toxicity  and  on  oxygen  tolerance  limits. 

NITROGEN  NARCOSIS 

Exposure  to  air  pressure  equivalent  to  300  feet  of 
water  produces  certain  changes  in  personality  and 
performance  which  have  been  referred  to  as  narcotic 
effects  (72,  124,  196).  The  subjective  symptoms  and 
mental  reactions  consist  of  euphoria,  overconfidence 
accompanied  by  dulling  of  mental  ability,  and  diffi¬ 
culty  of  assimilating  facts  and  making  quick  and  ac¬ 
curate  decisions,  i.e.,  a  general  slowing  of  cerebration. 
Behnke  et  al.  (37)  ascribed  the  narcosis  to  nitrogen 
in  accord  with  the  Meyer-Overton  hypothesis.  It 
was  pointed  out  that  the  symptoms  are  similar  to 
those  occurring  in  alcohol  intoxication  and  anoxia. 
Quantitative  tests  (e.g.,  visual  motor  reaction  time, 
arithmetic  tests)  under  conditions  of  o  to  1  atm  of 
pressure  supported  the  validity  of  the  subjective 
symptoms  reported  under  high  pressure  (231).  The 
narcotic  effects  of  exposure  to  high-pressure  air  are 
not  eliminated  if  the  oxygen  tension  is  reduced  to 
normal  levels,  but  are  greatly  minimized  when 
helium-oxygen  mixtures  are  inhaled  (39,  61,  92). 
These  results  were  interpreted  to  mean  that  nitrogen 
is  responsible  for  the  narcosis  induced  by  high-pressure 
air,  a  conclusion  supported  by  subsequent  reports 
dealing  with  hydrogen-oxygen  administration  during 
deep-sea  diving  (47,  256).  More  recent  experiences 
with  scuba  diving  have  led  to  a  greater  emphasis  .on 
nitrogen  narcosis  which  Cousteau  (67)  called  “rap¬ 
ture  of  the  depths.”  Bean-  (18)  on  the  other  hand  has 
contended  that  carbon  dioxide  retention  is  probably 
the  “prime  etiological  agent  not  only  of  compressed 
air  intoxication  but  also  of  argon  and  helium  narco¬ 
sis.”  His  conclusion  was  based,  among  other  things, 
upon  the  finding  of  acute  increases  in  alveolar  CO2 
in  dogs  during  rapid  compression  (19).  This  theory 
was  recently  supported  by  Seusing  &  Drube  (227) 
who  observed  a  significant  increase  in  alveolar  CO2 
tension  in  both  air  and  helium  dives  in  a  dry  chamber. 
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Based  on  theoretical  calculations  Buhlmann  (56) 
claimed  that  the  breathing  resistance  encountered 
during  dives  to  great  depth  produces  a  marked  CO2 
retention  which  he  considered  the  sole  cause  of  nitro¬ 
gen  narcosis,  discounting  any  specific  narcotic  effect 
of  nitrogen.  There  is  ample  experimental  evidence 
showing  that  the  work  of  breathing  is  increased  under 
high  pressure  (170,  173,-  174).  Total  pulmonary  re¬ 
sistance  was  reported  to  be  doubled  at  4  atm  of  pres¬ 
sure,  as  compared  with  its  sea-level  value  (173,  174). 
Maximum  breathing  capacity  measured  at  various 
depths  was  found  to  be  decreased  (180,  227).  In¬ 
creased  work  of  breathing  and  elevation  of  Po5,  re¬ 
sulting  in  a  reduction  of  ventilation,  were  implicated 
in  the  CO2  retention  found  in  working  dives  down 
to  99  feet  when  breathing  nitrogen-oxygen  mixtures 
(154).  However,  no  relation  •  of  CO5  retention  to 
nitrogen  narcosis  was  established  (155).  Rashbass 
(200)  discounted  CO2  as  a  significant  contributing 
factor  to  nitrogen  narcosis.  He  found  that  men  sub¬ 
jected  to  250  feet  of  pressure  did  not  show  an  allevia¬ 
tion  of  narcosis  after  the  alveolar  CO 2  tensions  were 
reduced  to  normal  levels  by  hyperventilation.  Lan- 
phier  &  Morin  (157)  did  not  find  any  evidence  that 
increased  gas  density  impairs  C02  removal  from  the 
alveoli  under  conditions  of  constant  ventilation. 

Electroencephalographic  '  recordings  of  human 
subjects  exposed  to  a  pressure  of  10  atm  abs  showed  a 
decrease  in  amplitude  and  increase  in  frequency 
(42,  205)  which  is  similar  to  the  effects  of  increased 
carbon  dioxide  on  the  EEG  (217).  Blocking  of  the 
EEG  alpha  rhythm  while  solving  mathematical 
problems  was  found  to  be  abolished,  at  increased 
pressures,  but.  reappeared  after  breathing  helium- 
oxygen  •  mixtures.  This  effect  of  helium  cannot  be 
considered  as  proof  that  nitrogen  is  the  agent  solely 
responsible  for  the  narcosis  since  substitution  of  helium 
simultaneously  changes  the  respiratory  mechanics 
and  reduces  carbon  dioxide  retention  at  higher 
pressures  (155). 

Evidence  so  far  available  seems  to  indicate  that 
carbon  dioxide  retention  may  enhance  the  develop¬ 
ment  of  high-pressure  narcosis.  However,  there  is  no 
justification  for  excluding  the  narcotic  action  of 
nitrogen.  Comparison  of  the  effects  of  increased 
carbon  dioxide  concentrations  on  consciousness 
[recently  reviewed  by  Schaefer  (217)]  with  the 
symptomatology  of  pressure  narcosis  reveals  some 
distinct  differences.  Although  euphoria  and  over- 
confidence  effects  are  similar  in  both  conditions,  there 
are  no  reports  that  GO2  inhalation  produces  that 
“harsh,  metallic  and  indefinable”  taste  experienced 


under  high-pressure  air  (61 ).  There  is  also  no  evidence 
that  dissociation  of  depressive  effects  on  the  C.N’S  and 
stimulating  effects  on  the  autonomic  nervous  system, 
characteristic  of  CO2  intoxication,  exists  under 
nitrogen  narcosis.  Moreover,  recent  development  of  a 
new  theory  of  anesthesia  (192}  which  takes  into 
account  the  interaction  of  inert  gases  with  proteins 
offers  a  better  understanding  of  the  narcotic  action  of 
nitrogen.  Featherstone  et  al.  (93)  reported  a  demon¬ 
strable  interaction  of  “inert”  anesthetic  gases  with 
proteins  in  aqueous  solutions.  It  seems  that  these 
findings  support  the  earlier  notion  of  Case  &  Haldane 
(61)  who  stated  that  the  narcotizing  action  of  nitrogen 
cannot  be  adequately  explained  on  the  basis  of  its 
chemical  properties  and  its  lipoid  solubility,  but 
suggested  participation  of  intra-  and  extracellular 
absorption  processes.  The  same  authors  (61 )  reported 
some  degree  of  habituation.  The  first  experiences  are 
much  more  alarming  than  later  ones.  Most  divers 
seem  to  agree.  However,  there  is  no  experimental 
evidence  demonstrating  adaptation  to  nitrogen  nar¬ 
cosis. 

Exposure  to  Synthetic  Atmospheres  at 
Xormal  and  Increased  Pressures 

Recent  developments  in  space  medicine  and  in 
underwater  physiological  research  have  raised  the 
question  whether  man  can  live  in  synthetic  atmos¬ 
pheres  in  which  nitrogen  is  replaced  by  helium  and 
oxygen  is  kept  at  a  normal  level.  Very  few  experiments 
have  been  done  in  this  field.  Mice  were  reported  to 
survive  exposure  to  79  per  cent  helium  and  21  per 
cent  oxygen  at  1  atm  pressure  for  10  weeks  without 
harmful  effects  (12).  It  was  also  found  that  mice  can 
tolerate  51  days  of  exposure  to  a  nitrogen-free  atmos¬ 
phere  of  oxygen  at  a  total  pressure  of  197  mm  Hg 
(166).  This,  level  provided  a  normal  inspired-02 
tension  of  150  mm  Hg  BTPS  (body  temperature, 
ambient  pressure,  saturated  with  water.)  Several 
litters  were  born  under  these  conditions.  However, 
there  was  evidence  of  a  critical  period  during  the 
first  48  hours  of  exposure  during  which  a  number  of 
animals  died.  The  authors  suggested  that  pulmonary 
atelectasis  was  responsible  for  these  early  deaths  since 
the  rate  of  collapse  following  obstruction  of  alveoli  is 
greatly  increased  in  the  absence  of  an  inert  gas  (70). 

In  recent  experiments  (1961),  rats,  guinea  pigs,  and 
squirrel  monkeys .  were  exposed  for  1 4  days  to  a 
nitrogen-free  atmosphere  (97  per  cent  helium  and  3 
per  cent  oxygen)  at  a  pressure  of  7  atm  (corresponding 
to  a  depth  of  200  feet  of  sea  water)  and  they  survived 
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without  evidence  of  significant  physiological  or  histo- 
pathological  changes  (252).-  The  partial  pressure  of 
oxygen  was  kept  at  160  ±  10  mm  Hg.  During  the 
14-day  exposure  period  rats  lost  on  the  average  46  g 
weight  but  regained  63  g  during  13  weeks  of  recovery 
following  exposure.  The  blood  chemistry  data,  which 
were  obtained  after  a  24-hour  period  of  decompression 
subsequent- to  the  14-day  exposure  to  160  mm  Hg  O2 
and  5160  mm  Hg  helium,  did  not  show  any  significant 
changes  when  compared  with  control  animals.  Human 
subjects  were  able  to  tolerate  exposure  to  helium- 
oxygen  mixtures  for  12  hours  at  pressures  of  2  to  2.6 
atm  without  ill  effects  (89). 

AIR  EMBOLISM 

Air  embolism  and  interstitial  emphysema  are 
recognized  hazards  of  decompression  from  high 
pressure  and  have  occurred  in  diving  and  submarine 
escape  training  (165,  193),  as  the  result  of  scuba 
diving  (57),  and  in  connection  with  explosive  decom¬ 
pression  at  high  altitudes  (247).  The  term  “air 
embolism”  is  limited  to  the  phenomena  produced  by 
gases  entering  the  veins  or  arteries  from  adjoining 
tissues.  It  is  to  be  distinguished  from  decompression 
sickness  or  caisson  disease.  In  the  latter,  prolonged 
exposure  to  high  pressure  produces  appreciable 
solution  of  gases  in  tissues  and  blood  which,  upon 
rapid  decompression,  are  liberated  in  the  form  of 
bubbles.  Intravascular  bubbles  may  produce  symp¬ 
toms  similar  to  air  embolism. 

When  the  diver  ascends  to  the  surface,  air  contained 
in  his  lungs  and  other  body  cavities  will  expand. 
If  he  uses  a  breathing  apparatus  and  breathes  nor¬ 
mally  during  ascent,  the  excess  of  expanding  lung  air 
is  discharged  through  the  breathing  apparatus. 
However,  if  he  holds  his  breath,  the  gases  in  the  lungs 
expand  as  the  ambient  pressure  diminishes.  The 
resulting  overexpansion  of  lung  tissue  may  lead  to 
interstitial  emphysema  and  air  embolism.  In  spite  of 
great  precautions  several  fatal  cases  of  air  embolism 
have  occurred  during  submarine  escape  training 
(143).  Since  these  men  had  carried  out  a  normal 
ascent  and  there  was  no  indication  that  they  had  held 
their  breath,  the  question  was  raised  whether  circula¬ 
tory  failure  could  have  played  a  critical  role  in  the 
development  of  air  embolism  under  these  conditions. 

[It  would  be  expected  that  laryngospasm  would  be  an  ever¬ 
present  danger  under  these  circumstances.  Ed.]. 

This  notion  was  supported  by  experimental  findings 
in  dogs  which  indicated  that  greatly  increased  intra- 


thoracic  pressure  resulted  in  a  systemic  hypotension 
reflecting  a  decreased  circulating  blood  volume  due  to 
pooling  in  the  abdominal  viscera  (45,  48).  Similar 
findings  of  systemic  hypotension  and  abolition  of 
arterial  pulses  indicating  cessation  of  blood  flow  have 
been  observed  by  Chillingworth  &  Hopkins  (63) 
under  conditions  of  increased  pulmonary  pressure 
In  studies  of  explosive  decompression,  reflex  effects  of 
cardiac  slowing  and  hypotension  were  noted  by 
Whitehorn  et  at.  (251).  More  recently  systematic 
studies  were  carried  out  on  circulatory  effects  in  the 
mechanism  of  air  embolism  (221).  Unanesthetized 
dogs  were  compressed  to  100  or  200  feet  of  depth  and 
then  rapidly  decompressed  with -.the  trachea  closed. 
Peak  vascular,  intratracheal,  and  intrapleural  pres¬ 
sures  recorded  under  these  conditions  are  listed  in 
table  i.  The  peak  intratracheal  pressure  of  the  animals 
which  developed  air  embolism  (Group  A)  was  88.6 
mm  Hg  which  corresponds  with  the  critical  value  of 
80  mm  Hg  established  by  Polak  &  Adams  (197). 
In  Group  B  (no  air  embolism)  this  critical  value  was 
not  reached,  whereas  animals  protected  with  thoraco¬ 
abdominal  binders  (Group  D)  did  show  an  elevation 
to  82.1  mm  Hg.  In  the  latter  case  the  intratracheal 
pressure  cannot  be  related  to  the  degree  of  distention 
of  the  lungs  since  simultaneously  the  intrapleural 
pressure  is  greatly  increased. 

In  comparing  the  intravascular  pressures  of 
Groups  A  and  B,  it  can  be  noted  that  in  the  former 
pulmonary  arterial  and  left  atrium  pressures  rose  to 
markedly  higher  values  whereas  systemic  arterial 
pressure  fell  to  lower  levels.  This  indicates  that  the 
greater  distention  of  the  lungs  in  the  animals  de¬ 
veloping  air  embolism  results  in  a  greater  resistance 
in  the  pulmonary  circulation  and,  consequently,  in  a 
larger  fall  in  the  systemic  arterial  pressure. 

Of  particular  interest  is  the  difference  between  the 
intratracheal  and  intrapleural  pressure  which  has 
been  called  the  transpulmonary,  transthoracic,  or 
transmural  pressure  (45,  48).  It  gives  a  quantitative 
estimate  of  the  force  distending  the  lungs  and  allows 
the  establishment  of  a  critical. value  at  which  trauma 
from  overexpansion  of  the  lungs  occurs  resulting  in 
air  embolism.  Furthermore,  the  gradient  between 
intratracheal  and  intra-atrial  pressure,  termed 
“transatrial”  pressure,  may  be  of  significance  since  it 
represents  the  pressure  gradient  between  the  alveoli 
and  the  pulmonary  venules  and  left  heart  and, 
therefore,  the  force  which  at  sufficient  magnitude 
produces  traumatic  openings  of  the  pulmonary 
vessels  and  fascial  planes  of  connective  tissues  leading 
to '  penetration  of  intra-alveolar  gases  into  the  pul- 
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table  i.  Control  and  Peak  Pressures  in  Dogs  During  “ Ascents ”  from  too  or  200  Feet 
Equivalent  Depth  with  Trachea  Closed 


Group  A 

Group  B 

Group  C 

Group  1) 

Mean 

N 

As 

Mean 

-N 

As 

Mean 

X 

As 

Mean 

X  j  As 

Intratracheal 

Start 

I.9±4.2 

7 

8 

2.0*5.! 

5 

9 

5-o 

2 

2 

3-6 

2 

8 

Peak 

88.6*15.5 

7 

8 

59.0*9.8 

5 

9 

130.0 

2 

2 

82.1 

2 

8 

Intrapleural 

Start 

-3. 0*3. 9 

4 

5 

-6. 3*2. 5 

3 

5 

-4.0 

2 

2 

-4.2 

2 

8 

Peak 

9'4±5-6 

4 

3 

7. 9*6. 8 

3 

5 

31.0 

2 

2 

55-4 

2 

8 

Intra-abdominal 

Start 

—  i-5  ±4  ■  3 

4 

4 

0  92*2.  t 

4 

6 

5-o 

1 

1 

4.2 

2 

8 

Peak 

i8.8±5  .6 

4 

4 

11.8*9.3 

4 

6 

30.0 

1 

I 

42.0 

2 

8 

Pulmonary  arterial 

Start 

9 ,8±io.8 

6 

7 

3. 8*6. 9 

4 

8 

13.0 

2 

2 

8.2 

2 

8 

Peak 

54-9±n-9 

6 

7 

27.2*3.2 

4 

8 

55-o 

2 

2 

68.5 

2 

8 

Left  atrial 

Start 

1 .7*7.6 

6  ' 

7 

-5-3±3> 

4 

6 

-30 

•2 

2 

2.4 

2 

8 

■ 

Peak 

‘9'8±9-5 

6 

7 

13.8*4.2 

4 

6 

36.0 

2 

2 

56.1 

2 

8 

Systemic  arterial 

Start 

103.2*1 1  .6 

7 

8 

90.7*15.9 

5 

9 

97-5 

2 

2 

125-4 

2 

8 

Peak 

22.8*9.0 

7 

8 

36 .  o±  17.2 

5 

9 

43-o 

2 

2 

104.  r 

2 

8 

Systemic  venous 

Start 

1. 1*5. 2 

5 

6 

-1. 9*2.1 

5 

9 

9  5 

2 

2 

5-4 

2 

8 

Peak 

17.1*12.9 

5 

6.. 

187*7.5 

_ 

9 

30.0 

2 

2 

71.8 

2 

8 

Group  A,  animals  without  binders  which  developed  air  embolism;  B,  animals  without  binders  which  did  not  develop  air 
embolism;  C,  animals  with  abdominal  binders  (both  developed  air  embolism);  and  D,  animals  with  thoracoabdominal  binders 
(neither  developed  air  embolism).  N,  number  of  animals.  As,  number  of  ascents.  Figures  represent  pressures  in  mm  Hg,  with 
their  standard  deviations,  based  on  means  weighted  by  the  number  of  ascents  for  N  animals.  [From  Schaefer  et  al.  (221  ).j 


table  2.  Effects  of  Decompression  from  Depth  with  Trachea  Closed:  Maximum  Gradients  Attained 


Gradient 

Group  A 

Group  B 

Group  C 

Group  D 

Mean 

N 

As 

Mean 

X 

As 

Mean 

X 

As 

Mean 

X 

As 

Transpulmonary  (I.T.-I.P.) 

68. 1*6.3 

4 

5 

54.2*6.0 

3 

5 

99° 

2 

2 

29.2 

2 

8 

Transatrial  (I.T.-L.A.) 

63.6*8.0 

5 

7 

43-3±i2-5 

4 

6 

94.0 

2 

2 

26.0 

2 

8 

Transcapillary  (P.A.-L.A.) 

31 .2*12.8 

5 

6 

‘3-7±3-3 

3 

5 

19.0 

2 

.  2 

12.5 

2 

8 

I.T.,  intratracheal;  I.P.,  intrapleural;  L.A.,  left  atrial;  and  P.A.,  pulmonary  arterial.  The  difference  between  transpul- 
monary  pressures  for  Groups  A  and  B  is  statistically  significant  (P  <  0,01  when  determined  by  means  of  Fisher’s  “f”  factor); 
the  same  is  true  for  the  difference  between  transatrial  pressures.  N  (number  of  animals)  and  As  (number  of  ascents)  are  not 
the  same  as  in  table  1  since  a  complete  set  of  data  could  not  be  obtained  in  all  animals.  [From  Schaefer  et  al.  {221).] 


monary  circulation.  Transpulmonary,  transatrial  and 
transcapillary  pressures  are  listed  in  table  2.  When  all 
the  animals  that  developed  air  embolism  (Groups  A 
and  C)  are  compared  with  those  that  did  not  (Groups 
B  and  D),  the  critical  levels  of  transpulmonary  and 
transatrial  pressure  gradients  become  apparent.  When 
the  transpulmonary  gradient  is  in  excess  of  60  to  70 
mm  Hg,  or  the  transatrial  in  excess  of  55  to  65  mm 
Hg,  air  embolism  does  occur.  Under  these  conditions, 
the  transcapillary  pressure  (difference  between  pul¬ 
monary  artery  and  left  atriurrt  pressure)  has  reached 
20  to  30  mm  Hg. 

In  experiments  with  dogs  wearing  thoracoab¬ 
dominal  binders,  it  was  shown  that  high  intratracheal 
pressures  of  180  to  200  mm  Hg  can  safely  be  with¬ 
stood  Under  these  conditions,  increases  in  intra¬ 
pleural  pressure  parallel  those  of  the  intratracheal 


pressure  and  consequently  the  transpulmonary 
pressure  does  not  exceed  the  critical  level  of  approxi¬ 
mately  60  mm  Hg  (221).  It  is  for  the  same  reason  that 
the  pressures  during  coughing  and  the  Valsalva 
experiment — which  are  much  greater  than  the  intra¬ 
tracheal  pressures  mentioned  in  the  tables  (see 
Chapter  52  by  Sharpey-Schafer  in  this  volume) — do 
not  result  in  interstitial  emphysema  or  air  embolism. 

The  circulatory  events  leading  to  air  embolism  in  a 
dog  decompressed  from  200  feet  are  illustrated  in 
figure  4.  At  a  depth  corresponding  to  approximately 
30  feet,  the  pressures  in  the  pulmonary  artery  and  the 
venous  pressure  reached  a  peak  which  was  preceded 
by  two  dips  reflecting  respiratory  efforts.  It  is  note¬ 
worthy  that  at  this  point  all  circulatory  pressures 
appeared  to  have  approximately  the  same  value  of 
50  mm  Hg,  and  that  cardiac  action  had  practically 


CHAPTER  51  :  LIFE  UNDER  MORE  THAN  ONE  ATMOSPHERE  PRESSURE 


l86l 


mm  ho  Surface 


TRACHEA  CLOSED 
mm  Ha  SURFACE 


FTC  • ,  4  ■  Experiment  23  showing  development  of  fatal  air  embolism,  intracavity  and  intra¬ 
vascular  pressures  in  dogs  decompressed  from  200-foot  equivalent  depth  who  died  of  air  embo¬ 
lism.  Record  4/I  continuous  with  4 B.  [From  Schaefer  et  at.  (221).] 

stopped  and  pulses  were  eliminated  from  the  records.  This  would  appear  to  be  the  moment  at  which  air 

At  approximately  10  feet  of  depth,  pulses  reappeared  embolism  occurred.  After  reaching  the  surface  and 

in  the  record  of  the  circulatory  pressures  simul-  opening  the  valve,  the  vena  caval  pulse  pressure 

taneously  with  a  drop  in  the  intratracheal  pressure.  immediately  reached  about  40  mm  Hg,  compared 
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with  5  mm  Hg  at  the  beginning  of  the  ascent.  There 
was  a  high  pulse  pressure  in  the  vena  cava  suggesting 
tricuspid  insufficiency  associated  with  distention  of 
the  right  heart.  Venous  return  was  probably  also 
augmented.  The  pulmonary  artery  and  left  atrial 
pulse  pressures  rose,  but  somewhat  later  and  to  a 
much  lesser  degree  than  in  the  case  of  the  vena  cava. 
These  pressures  never  reached  the  initial  values 
recorded  prior  to  ascent.  The  records  show,  quite  a 
few  seconds  later,  signs  of  a  failing  heart.  The  chamber 
was  entered  120  sec  after  it  reached  surface  values; 
bubbles  were  observed  in  the  carotid  artery  trap, 
whereas  the  trap  for  the  jugular  vein  did  not  show  any 
bubbles. 

Intracavitary  and  intravascular  pressures  recorded 
in  dogs  decompressed  from  200  feet  equivalent  depth 
who  survived  the  ascent  showed  similar  changes, 
only  less  pronounced,  than  those  shown  in  figure  4. 
The  transitory  circulatory  failure  observed  under  both 
conditions  cannot  be  considered  therefore  to  con¬ 
tribute  directly  to  the  development  of  air  embolism. 
Th/c  period  of  arterial  hypotension,  lasting  for  20  min 
or  less,  will  not  in  itself  be  fatal  or  produce  permanent 
harm. 

After  release  .  of  the  tracheal  obstruction,  the 
systemic  arterial  pressure  is  promptly  restored  in  ani¬ 
mals  which  are  able  to  recover.  One  of  the  beneficial 
effects  of  thoracoabdominal  binders  is  the  mainte¬ 
nance  of  the  aortic  pressure  with  little  fall  throughout 
the  ascent. 

Under  the  experimental  conditions  described,  there 
was  sufficient  evidence  to  suggest  that  air  embolism 
developed  by  way  of  the  pulmonary  veins.  In  all  ex¬ 
periments  resulting  in  air  embolism,  gas  was  found  in 
the  bubble  traps  placed  in  the  carotid  arteries,  while 
the  bubble  traps  in  the  jugular  veins  frequently  re¬ 
mained  empty. 

It  has  been  mentioned  that  in  two  instances  of  fatal 
airembolism  which  occurred  during  submarine  escape 
training,  apparently  normal  ascents  had  been  carried 
out  (143)  This  has  suggested  the -possibility  of  in¬ 
voluntary  air  trapping  in  the  lungs.  Subsequently, 
two  other  cases  of  air  embolism  were  reported  with 
concrete  evidence  of  local  air  trapping  (163)  In  the 
one  fatal  case,  a  broncholith  of  tuberculous  origin 
acted  as  a  ball  valve  within  a  subsegmental  bronchus. 
In  the  other  patient,  who  survived,  the  mechanism  of 
the  bronchial  obstruction  was  not  apparent,  but  a 
large  bulla  was  demonstrated  roentgenographically 
after  decompression  This  was  almost  entirely  ab¬ 
sorbed  within  36  hours  of  the  patient’s  return  to  at¬ 
mospheric  pressure  (163).  Pulmonary  function  studies 


carried  but  on  this  patient  after  his  recovery  did  not 
reveal  any  measurable  volume  of  “trapped  gas”  in 
the  lungs. 

DECOMPRESSION  SICKNESS 

Divers  and  caisson  workers  who  have  been  exposed 
to  increased  pressures  are  liable  on  their  return  to 
atmospheric  pressure  to  develop  a  variety  of  symp¬ 
toms  generally  known  as  decompression  sickness. 
Similar  conditions  exist  for  the  aviator  upon  rapid 
decompression  from  normal  atmospheric  pressure  to 
altitude.  Incidence  of  more  severe  symptoms  of  de¬ 
compression  sickness  has  been  reported  to  be  about 
5  per  cent  in  deep-sea  diving  and  2  per  cent  in  cais¬ 
son  work  (29). 

Manifestations  of  decompression  sickness  include 
numbness,  weakness  and  pains  (bends)  in  the  ex¬ 
tremities,  cardiopulmonary  symptoms  (chokes),  paral¬ 
ysis,  and  chronic  bone  lesions.  Bends,  the  most  com¬ 
mon  symptom  of  decompression  sickness,  is  character¬ 
ized  by  throbbing  pains  felt  frequently  in  joints,  deep 
muscles,  and  bones.  The  onset  of  pain  may  be  pre¬ 
ceded  by  a  feeling  of  numbness  and  weakness.  Chills, 
fever,  and  sweating  may  be  associated  with  bends. 
The  onset  of  symptoms  varies  greatly  and  may  occur 
within  1  to  1 8  hours  after  decompression  (162). 

Chokes,  which  are  less  frequent  than  bends,  are 
symptoms  of  pulmonary  distress.  The  first  manifesta¬ 
tions  are  usually  substernal  pain  during  deep  inspira¬ 
tion.  Then  breathing  becomes  shallow  and  rapid,  the 
skin  becomes  cyanotic  and  gray,  and  the  pulse  rate 
falls  indicating  impending  collapse.  Severe  attacks  of 
coughing  may  precede  loss  of  consciousness.  These 
symptoms  develop  somewhat  more  slowly  than  bends. 

Etiology  of  'Decompression  Sickness 

It  was  demonstrated  experimentally  by  Bert  (43) 
that  gas,  chiefly  nitrogen,  which  goes  into  solution  in 
the  blood  and  tissues  during  exposure  to  compressed' 
air  is  liberated  in  the  form  of  bubbles  during  rapid 
decompression.  He  concluded  that  decompression 
sickness  is  caused  by  interference  of  gas  bubbles  with 
the  circulation  in  the  central  nervous  system  and  in 
other  tissues.  He  also  noted  that  slow  decompression 
prevented  bubble  formation  and  the  resulting  decom¬ 
pression  sickness,  and  recommended  the  use  of  oxygen 
breathing  by  divers  and  caisson  workers  to  hasten 
nitrogen  elimination.  These  observations  were  subse¬ 
quently  confirmed  and  extended  (116,  123).  Direct 
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observations  of  gas  bubbles  in  pial  vessels  of  cats  fol¬ 
lowing  rapid  decompression  were  made  by  Wagner 
(249).  Because  of  the  great  variety  of  clinical  symp¬ 
toms  of  decompression  sickness,  it  was  postulated  that 
its  etiology  is  not  limited  to  gas  bubbles  but  that  other 
humoral  agents  and  reflexes  might  play  a  role  (171). 

Reviewing  the  pathogenesis  of  decompression  sick¬ 
ness,  Catchpole  &  Gersh  (62)  concluded  that  intra¬ 
vascular  gas  bubbles  are  the  primary  pathogenic 
agent  which  can  account  for  most  of  the  important 
aspects  of  decompression  sickness.  Furthermore,  it 
was  noted  that  extravascular  bubbles  occur  in  severe 
cases  of  decompression  from  high-pressure  atmos¬ 
pheres  but  are  restricted  to  lipoid-rich  structures. 

Comparing  necropsy  findings  in  airmen  with  those 
of  caisson  workers  and  divers,  Haymaker  &  Johnston 
(115)  found  that  the  lesions  in  the  spinal  cord  were 
basically  the  same,  although  much  more  severe  after 
decompression  from  high  pressure.  This  difference 
was  thought  to  be  related  to  a  larger  amount  of  cir¬ 
culating  nitrogen  bubbles  under  the  latter  conditions. 
Behnke  (29)  calculated  the  quantity  of  gas  which  has 
to  be  released  from  the  tissues  of  a  70  kg  man  after 
decompression  for  30  min  from  5  to  1  atm  and  from 
1  to  0.2  atm.  The  total  gas  volume  is  2880  ml.  How¬ 
ever,  the  nitrogen  released  by  the  diver  is  2  liters, 
while  that  of  the  airmen  decompressed  to  altitude  is 
about  1  liter.  Furthermore,  Haymaker  &  Johnston 
(1 15)  observed  fat  emboli  in  cases  where  traumatic 
air  embolism  could  be  ruled  out  as  a  causative  factor.. 
The  authors  concluded  that  fat  emboli,  together  with 
other  cellular  degradation  products  such  as  lipases, 
histamine-like  substances  and  proteolytic  enzymes, 
might  have  reached  the  blood  stream  and,  acting  on 
vessel  walls,  probably  caused  pooling  of  blood  result¬ 
ing  in  circulatory  collapse.  This  hypothesis  corre¬ 
sponds  to  a  certain  degree  with  the  view  held  by 
Masland  (171),  Ferris  el  al.  (95),  and  Gerbis  & 
Koenig  (99)  who  suggested  that  the  grave  states  of 
shock  after  decompression  are  caused  by  the  products 
of  widespread  tissue  damage  rather  than  by  nitrogen 
bubble  embolization.  On  the  other  hand,  Behnke  (28, 
29)  maintains  that  circulatory  collapse  in  decompres¬ 
sion  sickness  is  produced  by  intravascular  nitrogen 
bubbles.  He  cites  evidence  (35)  from  experiments  in 
which  dogs  were  rapidly  decompressed  after  exposure 
to  5  atm  of  pressure  for  1  hour's  which  incriminates 
intravascular  bubbles  as  the  cause  of  tachypnea  and 
limitation  of  deep  inspiration.  Tachypnea,  slow  pulse 
rate,  and  fall  in  blood  pressure,  characteristic  of  severe 
decompression  sickness  in  dogs,  indicate  impending 
collapse  or  irreversible  shock.  However,  with  informa¬ 


tion  accumulating  as  it  has  in  recent  years,  it  becomes 
more  apparent  that  intravascular  bubble  formation  is 
influenced  by  a  number  of  endogenous  factors.  Medi¬ 
cation  with  diuretics  and  electrolyte  treatment  re¬ 
sulting  in  increased  blood  viscosity  (254)  seem  to 
reduce  development  of  intravascular  bubbles.  One 
excellent,  more  recent  review  of  the  pathogenesis  of 
decompression  sickness  was  given  by  Haymaker  (114). 

Bubble  Formation 

The  physical  conditions  which  must  be  present  in 
liquid  or  tissues  for  the  formation  of  gas  bubbles  have 
been  studied  extensively  by  Harvey  (111).  The  tissues 
must  contain  permanent  gas  nuclei  which,  according 
to  Harvey,  are  defined  as  “any  small  invisible  mass 
of  gas,  usually  but  not  always  attached  to  a  surface.” 
Gas  nuclei  may  arise  from  previous  contact  of  a  sur¬ 
face  with  a  gas  phase.  They  are  not  normally  present 
in  blood  or  tissues,  as  shown  in  animal  experiments 
(1 12).  However,  gas  nuclei  can  be  generated  if  suffi¬ 
cient  force  is  applied  to  open  up  small  cavities  in  a 
fluid.  The  pressure  difference  ( P )  between  the  total 
gas  tension  in  the  liquid  ( t )  and  the  hydrostatic  pres¬ 
sure  in  the  liquid  ( p )  has  to  be  of  the  order  of  100  to 
1000  atm. 

P’t-P  ID 

Such  pressure  differences  may  occur  in  submicro- 
scopic  areas  subjected  to  supersaturation  at  high 
pressures  followed  by  rapid  decompression.  The 
cavities  in  the  liquid  contain  water  vapor  and  are 
rapidly  filled  by  gas  molecules  which  move  in  from 
the  surface  of  the  cavity  in  proportions  depending 
on  the  solubility  of  the  gases  rather  than  on  their 
partial  pressures  (m).  In  the  presence  of  gas  nuclei, 
bubbles  may  be  formed  either  by  a  decrease  in  hy¬ 
drostatic  pressures  ( p )  or  an  increase  of  gas  tension 
(/)  since  both  tend  to  increase  P.  Although  it  is  very 
difficult  to  produce  cavities  or  bubbles  in  liquid  under 
static  conditions,  whether  great  negative  pressures 
are  applied  or  high  supersaturation  of  gases  is  ob¬ 
tained,  motion  of  liquid  will  greatly  facilitate  bubble 
formation. 

In  the  circulation,  local  decreases  in  p  are  most 
likely  to  occur  since  the  liquid  can  be  pulled  away 
from  the  surface  easily,  leaving  a  cavity  behind. 
Furthermore,  local  vasoconstriction,  turbulence,  and 
local  tissue  pulling  resulting  from  muscular  exercise 
favor  bubble  formation.  If  a  blood  vessel  is  con¬ 
stricted,  the  blood  flow  will  be  decreased  and  the 
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hydrostatic  pressure  will  fall  at  the  constriction  in 
accordance  with  Bernoulli’s  law.  Since  the  flow  rate 
has  to  be  rather  fast  and  the  constriction  sufficiently 
great  to  produce  the  extremely  low  pressures  neces¬ 
sary  for  breaking  up  the  fluid  into  cavities  (Reynolds’ 
cavitation),  it  is  problematic  whether  these  condi¬ 
tions  are  attained  in  the  body.  However,  this  phe¬ 
nomenon  may  result  from  mechanical  tensions  pro¬ 
duced  during  physical  exercise  prior  to  decompres¬ 
sion.  In  any  case,  the  lowered  hydrostatic  pressures 
caused  by  local  vasospasm  and  muscular  exercise 
favor  bubble  formation.  Similar  decreases  in  pres¬ 
sures  will  occur  in  vortices  of  turbulent  flow  which 
are  found  in  the  heart  (111). 

Manipulation  of  excised  tissues,  e.g.,  cutting  and 
pulling,  will  result  in  bubble  formation  during  de¬ 
compression  (112).  It  has  been  suggested  that  stretch- . 
ing  of  tissues  produces  high  enough  tensions  on  their  . 
liquid  contents  to  cause  a  tearing  of  the  liquids  and 
subsequent  cavity  and.'bubble  formation.  Connective 
tissues  contain  the  most  extensive  bubbles  of  all 
manipulated  tissues  in  decompression,  and  it  is  prob¬ 
ably  significant  that  bends  arc  located  predominantly 
in  regions  of  connective  tissue. 

Theoretical  Relation  of  Symptoms  to  Bubble  Size 

Once  a  bubble  has  formed  during  decompression, 
the  production  of  symptoms  will  depend  on  several 
factors  as  analyzed  by  Nims  (184).  Briefly,  he  ex¬ 
presses  these  factors  in  the  equation 

'cot  v  121 

where  PN2,  PCO2,  P02  and  Ph2o  refer  to  the  partial 
pressures  of  the  indicated  gases  in  the  bubble,  H  is 
that  proportion  of  the  hydrostatic  pressure  of  the 
fluid  surrounding  the  bubble  which  is  independent 
of  the  volume  of  the  bubble,  D  is  that  fraction  of  the 
hydrostatic  pressure  which  is  a  function  of  the  volume 
of  the  bubble  and  therefore  may  be  referred  to  as  the 
deformation  pressure,  X  is  the  gas-water,  interfacial 
tension  of  the  fluid,  and  r  is  the  radius  of  the  bubble. 
When  the  deformation  pressure  D  reaches  a  threshold 
value,  nerve  fibers  are  stimulated  and  symptoms  will 
occur.  If  D  continues  to  increase,  tearing  of  tissue 
membranes  will  take  place.  . 

Equation  (2)  contains  a  few  obvious  features  which 
are  consistent  with  observations  of  decompression 
sickness.  Thus,  D  may  be  decreased  either  by  the 
decrease  of  partial  pressure  of  one  or  more  of  the 
gases  in  the  bubble  or  by  an  increase  in  H,  the  non¬ 


bubble-cjependent  hydrostatic  pressure.  With  regard 
to  the  former,  denitrogenation  not  only  decreases  the 
amount  of  nitrogen  in  the  body  but  also  decreases 
the  PN2  of  any  bubbles  formed  during  decompres¬ 
sion.  Since,  of  the  four  gases, .  nitrogen  is  normally 
present  in  the  largest  amounts  in  decompression 
bubbles,  this  becomes  a  significant  method  of  re¬ 
ducing  D.  It  should  be  noted,  however,  that  CO2  is 
also  present  in  large  amounts  and  is  a  highly  soluble 
and  rapidly  diffusing  gas.  Thus  any  factor  tending  to 
increase  CO2  production  or  stores,  such  as  exercise, 
will  tend  to  increase  PCO2.  On  the  other  hand,  the 
normally  low  tissue  oxygen  tension  and  relatively 
constant  water  vapor  pressure  reduce  P02  and  Ph2o 
to  essential  constants  in  this  equation.  However,  de¬ 
compression  sickness  can  also  occur  as  a  result  of 
supersaturation  of  tissues  with  oxygen.  A  subject 
exposed  to  oxygen  at  2  to  3  atm  developed  bends  on 
decompression  to  atmospheric  pressure  (184).  Rash- 
bass  (199),  who  saw  a  similar  case,  carried  out  ex¬ 
perimental  studies  to  determine  whether  oxygen 
contributes  to  decompression  sickness  (201).  Rats 
exposed  to  different  nitrogen-oxygen  mixtures  at 
pressures  from  90  to  160  psi  were  decompressed 
rapidly  and  the  ld6o  determined.  It  was  concluded 
that  oxygen  had  a  small  but  significant  effect  on  the 
occurrence  of  decompression  sickness. 

Donald  (82)  demonstrated  severe  but  very  tran¬ 
sient  oxygen  bends  in  goats  decompressed  after  60 
min  exposure  to  36  per  cent  N2  and  64  per  cent  O2  at 
5.54  atm.  If  the  animals  were  subjected  separately 
to  the  same  02  supersaturation  and  N2  supersatura¬ 
tion  which,  combined,  resulted  in  decompression 
sickness,  no  symptoms  were  produced.  It  was  as¬ 
sumed  that  oxygen  would  enter  “silent  nitrogen 
bubbles”  because  of  its  greater  solubility  and  dif¬ 
fusion,  thus  precipitating  bends.  These  findings  are 
compatible  with  equation  (2)  since  an  increase  in 
Poz  increases  D. 

Aside  from  the  gas  tension  effect  predicted  by 
equation  (2),  it  is  also  seen  that  any  increase  in  hy¬ 
drostatic  pressure  ( H )  will  tend  to  protect  against 
the  occurrence  of  symptoms.  The  most  obvious 
example  of  this  is  the  effectiveness  of  recompression 
in  obliterating  these  symptoms.  Moreover,  since 
symptoms  are  localized,  it  may  be  assumed  that  their 
locality  is  dependent  upon  the  local  hydrostatic 
pressure.  This  would  account  for  the  effectiveness  of 
direct  application  of  local  pressure  to  the  part  af¬ 
fected  (7).  ‘ 

Nims’  mathematical  analysis  of  environmental 
’factors  affecting  susceptibility  to.  bends  also  provides 
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a  contribution  to  the  controversial  question  whether 
intravascular  or  extravascular  bubbles  produce 
bends.  It  is  very  difficult  to  decide  this  in  X-ray 
pictures  of  the  joints  of  subjects  having  bends.  On  the 
other  hand,  the  behavior  of  bends  under  various 
experimental  conditions  seems  to  support  the  extra- 
vascular  theory.  Once  pain  has  appeared,  recompres¬ 
sion  will  relieve  the  pain.  On  reascent,  pain  will 
reappear  at  the  same  site.  Rodbard  (204)  was  able 
to  demonstrate  this  immediate  recurrence  of  pain  on 
the  same  site  for  periods  up  to  4  hours.  These  findings 
cannot  be  explained  on  the  basis  of  the  intravascular 
bubble  theory. 

Using  equation  (2)  it  is  easy  to  understand  that 
an  increase  in  hydrostatic  pressure  (on  recompres¬ 
sion)  will  reduce  D  below  the  threshold  value.  The 
bubble  could  still  be  present  as  a  “silent”  bubble 
which  does  not  produce  symptoms.  On  reascent, 
pain  reappears  on  the  same  sites  because  D  has  be¬ 
come  larger  than  the  threshold  value. 

Protection  from  Decompression  Sickness 

Since,  as  described  above,  the  primary  factor 
involved  in  the  production  of  decompression  sickness 
is  the  supersaturation  of  the  body  fluids  with  gas, 
protection  of  the  diver  is  accomplished  by  attempting 
to  minimize  this  phenomenon.  This  may  be  under¬ 
taken  by  decompressing  in  stages,  allowing  time  for 
sufficient  nitrogen  washout  at  each  stage.  Also, 
oxygen  may  be  breathed  during  part  of  the  decom¬ 
pression  period  in  order  to  hasten  nitrogen  elimina¬ 
tion.  Lastly,  another  gas  such  as  helium  may  replace 
nitrogen  in  the  breathing  mixture  during  the  period 
of  high  pressure,  thus  favorably  altering  some  of  the 
washout  characteristics  of  the  dissolved  gas  as  well 
as  reducing  the  danger  of  high  inert-gas  pressure 
narcosis. 

The  minimization  of  supersaturation  by  means  of 
slow  or  stepwise  decompression,  as  a  physiological 
procedure,  is  based  primarily  upon  the  observations 
of  Boycott  el  al.  (52).  Provided  compression  is  limited 
to  2  atm,  return  to  1  atm  can  be  made  as  rapidly  as 
desired  without  danger  of  bends.  Moreover,  this 
fact  was  found  .  .to  be  independent  of  the  length  of 
time  of  exposure  to  high  pressure.  Generalizing  from 
this  observation,  it  was  concluded  that  if  the  PN2  in 
the  body  is  not  greater  than  twice  the  total  amount 
of  ambient  pressure,  bubbles  will  not.  form.  On  this 
basis,  decompression  tables  were  prepared,  theo¬ 
retically  permitting  a  diver  to  ascend  from  depth 
in  steps,  stopping  long  enough  at  each  step  to  allow 


sufficient  nitrogen  washout  to  occur  before  proceeding 
to  the  next  step,  thus  avoiding  decompression  symp¬ 
toms.  Extensive  experience  with  this  type  of  decom¬ 
pression  has  led  to  the  development  of  semiempirical 
tables  allowing  for  somewhat  more  rapid  decompres¬ 
sion.  However,  decompression  symptoms  may  still 
occur  on  occasion  and  are  usually  treated  by  im¬ 
mediate  recompression  in  a  chamber,  followed  by  a 
very  conservative  schedule  of  return  to  1  atm. 

The  primary  drawback  of  the  decompression  table 
based  on  the  Haldane  principle  is  the  length  of  time 
it  takes  to  surface  a  diver  after  a  deep  dive.  Decom¬ 
pression  time  has  been  shortened  30  to  50  per  cent  by 
breathing  too  per  cent  oxygen  during  the  latter 
stages  of  decompression,  which  facilitates  more  rapid 
elimination  of  nitrogen.  This  has  been  accomplished 
technically  in  surface  decompression  (245)  utilizing 
a  pressure  chamber  and  also  in  the  Davis  submersible 
chamber  technique  (75). 

A  re-examination  of  Haldane’s  method  of  decom¬ 
pression  began  when  it  was  discovered  that  the  2  to  1 
decompression  ratio  of  the  tissue  partial  pressure  was 
dangerous  under  conditions  of  prolonged  dives  to 
depths  of  120  to  200  feet  of  sea  water.  Haldane’s 
concept  of  nitrogen  elimination  is  based  on  the  as¬ 
sumption  that  each  tissue  can  be  assigned  a  half 
saturation  time  varying  from  5  to  75  min  and  that 
the  tissues  will  saturate  and  desaturate  exponentially 
with  time.  Shaw  et  al.  (228)  were  able  to  demon¬ 
strate  in  dog  experiments  that .  nitrogen  saturation 
and  desaturation  proceeds  at  approximately  equal 
rates.  The  semilogarithmic  nitrogen  elimination 
curves  which  were  obtained  could  be  broken  down 
into  five  or  more  components  representing  fast  and 
slow  tissues  (34).  On  the  basis  of  nitrogen  elimination 
studies  during  oxygen  breathing,  Jones  (137)  pro¬ 
posed  that  bends  are  produced  by  bubble  formation 
in  muscles  while  Lundin  (164)  maintained  that 
nitrogen  bubbles  are  formed  in  fat  tissues.  However, 
analysis  of  2,000  dives  to  depths  between  100  and 
200  feet  demonstrated  that  the  various  tissues  of 
the  body  will  tolerate  decompression  ratios  varying 
from  5  to  1  for  rapidly  saturating  (5  min)  tissue  down 
to  r.8  to  1  for  the  slowly  saturating  (73  min)  tissues 
(113).  This  could  not  have  been  predicted  on  the 
basis  of  Haldane’s  theory.  As  a  result,  diving  decom¬ 
pression  tables  were  modified  to  avoid  unnecessary 
deep  decompression  stops  involving  fast  tissue  clear¬ 
ance  and  to  use  lower  surfacing  ratios  than  were 
previously  considered  safe  (go,  245).  Minimal  de¬ 
compression  curves  (depth-time  combinations  from 
which  a  diver  can  surface  without  decompression 
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stops)  for  diving  with  helium-oxygen  mixtures  were 
determined  by  Duffner  (88). 

In  addition  to  the  empirical  modification  of  the. 
original  Haldane  decompression  tables,  the  basic 
concept  of  Haldane  has  been  questioned  by  Hemple- 
man  (i  18).  He  pointed  out  that  the  postulate  of  equal 
saturation  and  desaturation  times  of  tissues  with 
inert  gases  like  nitrogen  can  hold  only  when  two  well- 
stirred  solutions  are  present  on  either  side  of  a  permea¬ 
ble  membrane.  This  condition  is  realized  in  the  blood 
but  not  in  the  tissues.  It  was  also  assumed  that  a 
single  “tight”  tissue,  as  proposed  by  Nims  (184), 
would  be  the  controlling  factor  in  the  development 
of  bends.  Based  on  this  approach,  and  in  the  hope  of 
making  practicable  repeat  dives  on  a  single  day,  new 
tables  were  calculated  which  did  not  prove  to  be  as 
satisfactory  as  those  developed  on  Rashbass’s  con¬ 
cept  of  pressure  excess  (199).  Further  modification  was 
introduced  by  Crocker  (69)  who  used  a  bubble  re¬ 
gression  curve  covering  the  relationship  among  tissue 
saturation,  bubble  size,  and  bubble  pressure  for  cal¬ 
culations  of  tables  which  were  successfully  tested  in 
sea  trials. 

In  recent  experimental  studies  with  goats,  addi¬ 
tional  evidence  was  produced  indicating  unequal 
rates  of  uptake  and  elimination  of  nitrogen  in  tissues 
during  diving  (tig).  Hempleman  established  first 
a  relationship  between  time  and  depth,  and  risk  of 
bends  in  single  nonstop  dives  and  demonstrated 
that  this  relationship  cannot  be  used  for  double  dives 
which  implies  that  a  discontinuity  in  rate  of  gas 
exchange  developed  in  the  double-dive  experiment. 

The  world’s  record  dive  in  the  open  sea  was  ac¬ 
complished  in  1956  by  a  diver  of  the  Royal  Navy 
who  reached  600  feet  using  a  helium-oxygen  mixture. 
Dives  to  greater  depth  have  recently  been  carried  out 
by  H.  Keller  (Switzerland)  who  reached  820  feet 
in  a  wet  chamber  of  the  French  Navy  in  Toulon  and 
720  feet  (220  m)  in  Lake  Maggiore,  Switzerland.  He 
did  not  have  any  signs  of  decompression  sickness 
after  ascent.  Prior  to  his  dives  he  breathed  oxygen 
for  periods  of  2  hours  and  1  hour,  respectively,  there¬ 
by  eliminating  most  of  the  nitrogen  from  the  body. 
He  also  used  oxygen  decompression,  although  the 
exact  composition  of  the  breathing  mixtures  used 
during  the'dive  and  ascent  was  not  revealed  (141). 
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Adaptive  Changes  Related  to  Decompression  Sickness 

Susceptibility  to  decompression  sickness  is  known 
to  vary  widely  among  different  subjects  and  even  in 
individuals  from  day  to  day.  In  spite  of  great  analyt¬ 
ical  efforts,  no  satisfactory  explanation  has  been 
offered  so  far.  It  would  seem  therefore  doubtful 
whether  any  adaptive  changes  influencing  resistance 
to  decompression  sickness  could  manifest  themselves 
under  these  circumstances. 

In  regard  to  aviator’s  decompression  sickness, 
Balke  (10)  noted  that  incidence  and  intensity  of 
bends  during  decompression  tests  to  38,000  feet 
altitude  are  markedly  reduced  following  altitude 
acclimatization  for  several  weeks  at  14,160  feet  (Mt. 
Evans). 

In  decompression  experiments  with  rats,  reduction 
in  the  development  of  intravascular  bubble  formation 
was  observed  following  acclimatization  to  3,000  to 
4,000  m  (9,800  to  1 3,200  feet)  for  35  to  40  hours  which 
appeared  to  be  related  to  the  decreased  amount  of 
nitrogen  present  in  the  body  after  acclimatization  to 
altitude  (253). 

The  older  literature  on  caisson  work  contains 
references  to  practical  experiences  indicating  that 
some  kind  of  acclimatization  to  decompression  sickness 
following  exposure  to  higher  pressures  might  exist. 
It  remained  for  Baton  &  Walder  (191)  to  establish 
this  acclimatization  beyond  doubt  in  a  careful  analysis 
at  the  Tyne  Tunnel  project. 

Taking  into  account  the  “natural  selection”  of 
susceptible  individuals  and  the  random  variation 
among  them,  a  significant  decline  of  the  bends  rate 
was  found  during  the  first  2  weeks  of  caisson  work 
which  could  only  be  explained  by  acclimatization. 
Another  study  (108)  carried  out  more  recently  during 
the  construction  of  a  tunnel  under  the  Thames  at 
Dartford  (in  which  Paton  and  Walder  participated) 
confirmed  previous  findings  on  acclimatization  and 
also  showed  that  increased  resistance  to.  bends  was 
slowly  lost  when  the  subjects  stayed  away  from  work' 
for  longer  periods  of  time. 

•  No  convincing  -theory  explaining  acclimatization 
to  decompression  sickness  has  been  advanced  because 
of  our  lack  of  knowledge  in  this  field. 
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